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Factors affecting solidification thermal variables along the cross-section
of horizontal cylindrical ingots
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Abstract

During solidification the mathematical analysis of heat flow depends on the transient heat transfer coefficient at the metal/mold interface.
The analysis of heat transfer behavior along the cross-section of radial geometries is necessary for a better control of solidification in
conventional foundry and continuous casting processes. For this purpose, a water-cooled solidification experimental apparatus was developed,
and experiments were carried out with Sn–Pb alloys with different melt superheats. The transient metal/mold heat transfer coefficients were
determined by a numerical-experimental fit of casting thermal profiles based on inverse heat transfer calculations. The results have shown
a significant variation in heat flow conditions along the cylinder cross-section provoked by the simultaneous action of solidification thermal
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ontraction and the gravitational effect. Experimental equations correlating heat transfer coefficients as a power function of time
ross-section of cylindrical horizontal castings of Sn–Pb alloys are proposed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The increased use of solidification modeling in the casting
ndustry has reaped a number of benefits in terms of en-
rgy and scrap savings, in addition to improvements in prod-
ct quality and consistency. The quality of castings can be
reatly improved by exploiting the results of solidification
odeling to predict macrostructural and microstructural fea-

ures[1,2], to predict shrinkage and porosity defects[3,4],
o predict mold filling[5], and to predict stress defects that
orm during solidification[6]. These models require reliable
hermo-physical property data to obtain accurate predictions
f the casting process. In particular, the thermal properties of
aterials used in the casting process must be known as well
s the boundary conditions of the problem, usually expressed
s cooling/mold and metal/mold heat-transfer coefficients or
eat fluxes.

∗ Corresponding author. Tel.: +55 19 3788 3309; fax: +55 19 3289 3722.
E-mail address:amaurig@fem.unicamp.br (A. Garcia).

During solidification of a casting, the heat transfer
tween the casting surface and the mold is one of the
important factors that influence the solidification process
resulting mechanical properties of the cast product an
cast product soundness[7,8]. It is primarily controlled by
conditions at the metal–mold interface. There are severa
tors, which determine the thermal resistance and the hea
at the metal/mold interface, such as the imperfectness o
thermal contact at this interface, nature and thickness of
coating and the evolution of an air gap during solidificat

The metal’s contraction phenomenon, the physical
chemical characteristics of both metal and mold, and
mold expansion during solidification, are mechanisms, w
are responsible for the air gap formation at the metal/m
interface. In the beginning of the process, when the m
is completely liquid, the thermal contact is more effec
due to the higher fluidity and metalostatic pressure eff
However, with the evolution of solidification, the thermal a
volumetric contraction generated by the liquid/solid trans
mation creates a physical space at the interface, increas
this way, the thermal resistance to the heat flowing into
921-5093/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2005.02.044
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mold. Thus, the thermal behavior of the interface varies with
location from the interface and with time as solidification
progresses. In addition, the orientation of the casting–mold
interface with respect to gravity has a strong influence on the
pressure between the casting and the mould surfaces at this
interface. For horizontal cylinders, air gap width varies along
the cross-section during solidification. The weight of the cast-
ing results in good thermal contact between the casting and
the chill mold at the bottom. The angular contact gradually
becomes poorer from the bottom (θ = 0◦) to the side (θ = 90◦)
and top (θ = 180◦) along the casting/mold interface.

The importance of determining this interface condition
lies in the fact that it decisively influences cooling rate and
solidification time in metallic molds. Numerous studies have
been devoted to the measurement and determination of this
boundary value[9–14].

Generally, two kinds of methods have been used in the
determination of the transient metal/mold interfacial heat-
transfer coefficient (hi): (i) the air gap size is measured and
this information associated with an integrated heat trans-
fer and thermo-mechanical stress model which determines
(hi) [15]; (ii) inverse heat transfer calculations are performed
based on temperature measurements at selected locations in
the casting and the mould[16].

In cooled molds, the overall metal/mold heat transfer coef-
ficient can be defined by a series of thermal resistances (R ).
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Fig. 1. Schematic representation of the experimental setup and thermocou-
ple positions.

that a one-dimensional heat flux from the casting to the mold
can be achieved along the radial direction. The inner surface
of the mold is machine finished and no coatings had been
applied. The alloys were melted in situ and the lateral elec-
tric heaters had their power controlled in order for a desired
superheat (�T) to be achieved. When the desired melt tem-
perature (melt superheat) is attained, the heating system is
taken off and the mold is cooled by water. The cooling sys-
tem was designed in such way that the water flow guarantees
an extraction of heat essentially along the radial direction
during solidification. The water flow was kept constant about
20 l/min, and controlled by a rotameter. In order to obtain the
experimental temperature profiles, iron-constantan thermo-
couples were located in five positions along the cross-section,
as shown inFig. 1.

Fig. 2 shows a perspective view of the cooled chill mold
used in the experiments, whileFig. 3shows its cross-section
with the respective dimensions. The thermocouples were
fixed in a drilled support, with holes of 1.5 mm in diameter.
The thermocouples were placed longitudinally along the cast-
ing at positions located 5 mm from the metal/mold interface,
T
he interfacial resistance between the casting and the

nner surface (RTi = 1/hi) is generally the largest, and t
verall thermal resistance (RT = l/h) is given by[17]:

1

h
= 1

hi

+ es

Ks
+ ec

Kc
+ 1

hw
(1)

hereh is the overall heat transfer coefficient between
asting surface and the coolant fluid [W/m2 K], hi the hea
ransfer coefficient between metal and mold surfaces,ec and
s, are, respectively, the mold-coating thickness and the
hickness (m),Kc andKs are the coating and the mold therm
onductivities [W/m K], respectively, andhw is the mold-
oolant heat transfer coefficient.

Some experimental studies[18–20]have determined th
ransient heat transfer coefficient at the metal/mold inte
hi) in cylindrical ingots, but they have not considered the
ular variation of the gap along the cross-section. The pr
ork is aimed to implement the approach of the inverse

ransfer calculation, to study the heat transfer during sol
ation of Sn–Pb alloys in a horizontal cylindrical chilled m
nd to determine the time-dependent overall heat transf
fficient considering the angular variation along the cylin
ross-section.

. Experimental procedure

The experimental apparatus, schematically show
ig. 1, consists of a horizontal cylindrical chill made of sta

ess steel with heat insulating materials on the top to en
 Fig. 2. Stainless steel chill mold.
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Fig. 3. Cross-section and dimensions of the chill mold (mm).

spaced in 45◦ angular increments, as shown. Temperature
measurements were collected from each of the froe thermo-
couples at a frequency of 1 Hz. After solidification, the ingot
is sectioned and examined to confirm the thermocouple po-
sitions.

Experiments were carried-out with Sn–5 wt.% Pb and
Sn–15 wt.% Pb alloys with melt superheats, i.e., the initial
melt temperature, of 3 and 20% above the liquidus tem-
perature. The chemical compositions of commercially pure
metals used to prepare these alloys are presented inTable 1.
A solution containing 55 g of FeCl3 and 4 ml HCl for each
150 ml of water was used to reveal the ingots macrostructures.

3. Numerical model

The mathematical model is based on the general equation
of heat conduction[21] expressed in cylindrical coordinates:

1
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wherer, zandφ are the cylindrical coordinates represented in
Fig. 4; ρ, c andK are, respectively, density (kg/m3), specific
heat (J/kg K) and thermal conductivity (W/m K).
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Fig. 4. Cylindrical coordinate system.

isotherms having constant slopes,fs is then expressed by:

fs = 1 −
(

Tf − T

Tf − TL

)1/k−1

(4)

whereTf is the melting temperature (K),TL the liquidus tem-
perature andk the partition coefficient.

Eq.(4) is incorporated into the latent heat term (Eq.(3)) by
differentiating Scheil’s Equation with respect to temperature.
Hence, applying the chain rule of differentiation, we have:

∂fs

∂t
= 1

(k − 1)(Tf − TL)

(
Tf − T

Tf − TL

)(2−k)/(k−1)
∂T

∂t
(5)

The latent heat released during solidification of the remaining
liquid of eutectic composition was taken into account by a
device, which considers a temperature accumulation factor.

Considering that the flow of heat is mostly radial, Eq.(2)
can be approximated by the one-dimensional form. Thus, the
directionzof heat extraction can be neglected, since it is not
significant compared to the heat flow inr andφ directions. For
ingots with a symmetrical section, heat flow in theφ direction
can also be neglected, resulting in a simplified equation:

1
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∂T

∂t
(6)

Substituting Eq.(3) into Eq.(6) gives:
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The term of the heat generation of energy (˙q) in the un-
teady state condition is:

˙ = ρL
∂fs

∂t
(3)

herefs is the solid fraction andL the latent heat of fusio
J/kg).

The fraction of solid in the mushy zone is estimated
cheil equation, which assumes perfect mixing in the
id and no solid diffusion. Assuming liquidus and soli

able 1
hemical analyses of metals used to prepare Sn–Pb alloys

etal Fe Ni Cu

hemical composition (wt.%)
Sn 0.009 – 0.007
Pb 0.002 0.003 –
1

r

∂

∂r

(
Kr

∂T

∂r

)
= ρc′ ∂T

∂t
(7)

here

′ =
(

c − L
∂fs

∂T

)
(8)

he termc′, known as the effective specific heat, account
oth temperature change as well as the latent heat libe
ssociated with the phase transformation in the temper
ange (TS, TL).

Pb Mn Zn Sn

0.19 0.0025 –
– 0.003 0.
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At the range of temperatures where solidification occurs
for metallic alloys, the physical properties will be evaluated,
taking into account the amount of liquid and solid that coex-
ists in equilibrium at each temperature:

c = (1 − fs)cL + fscs (9)

K = (1 − fs)KL + fsKs (10)

ρ = (1 − fs)ρL + fsρs (11)

A finite difference form of Eq.(7) is obtained for the time-
dependent temperature distribution at discrete grid points:

T n+1
i = �t

ρic
′
iri�r2 [Keqi−1ri−1(T n

i−1 − T n
i )

+Keqi+1ri+1(T n
i+1 − T n

i )] + T n
i for i �= 0 (12)

where the subscripti represents the location of the element
in the finite difference mesh, and (n+ 1) represents the in-
stant in which the nodal temperature is being calculated, as
represented in the nodal network shown inFig. 5. TheKeq is
the equivalent thermal conductivity in terms of the thermal
conductivity of an adjacent element and itself, given by[1]:

Keqi+1 = 2Ki+1Ki

Ki+1 + Ki

(13)
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3.1.2. Metal
Inside the metal, the following equation is applied:

T n+1
i = �t

ρic
′
iri�r2 [Keq i−1ri−(1/2)(T

n
i−1 − T n

i )

+Keq i+1ri+(1/2)(T
n
i+1 − T n

i )] + T n
i (16)

3.1.3. Metal/coolant interface
Considering the metal/coolant heat transfer, the following

equation can be obtained by applying a thermal balance:

T n+1
m = �t

ρ · c′ · rm · �r

[
h · r · (T n

a − T n
m) + Keqm−1 · rm−1

·T
n
m−1 − T n

m

�r

]
+ T n

m (17)

whererm is external radius of the cylindrical ingot,T n
a the

environment temperature,m the location of the element in
finite difference mesh regarding to the external radius of the
cylindrical ingot andh is the overall heat transfer coefficient
between the casting surface and the coolant fluid. As mold
coatings are not being used, Eq.(1) is given by:

1

h
= 1
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+ 1
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(18)
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.1. Boundary conditions

.1.1. Center of the casting
When the limit of (r) tends to zero, there is an indeter

ation in the left side of Eq.(7). L’Hopital rule has been use
o solve this indetermination and states that differentia
f both the numerator and denominator does not chang

imit. This differentiation often simplifies the quotient and
onverts it to a determinate form, allowing the limit to be
ermined more easily. Applying L’Hopital rule and the fin
ifference method in Eq.(7), we obtain fori = 0:

n+1
0 = 4 · Keq1 · �t

ρ0 · c0
·
(

T n
1 − T n

0

�r2

)
+ T n

0 (15)

Fig. 5. FDM mesh applied at the cro
 tion of the metal/mold cylindrical system.

he method used to determine the transient metal/co
eat transfer coefficient,h, is based on the solution of t

nverse heat conduction problem (IHCP)[16]. This method
akes a complete mathematical description of the phys

he process and is supported by temperature measurem
nown locations inside the heat conducting body. The
erature files containing the experimentally monitored
eratures are used in a finite difference heat flow mod
etermineh.The process at each time step included the

owing: a suitable initial value ofh is assumed and with th
alue, the temperature of each reference location in ca
t the end of each time interval�t is simulated by the nu
erical model. The correction in h at each interaction

s made by a value�h, and new temperatures are estima
Test(h+�h)] or [Test(h− �h)].With these values, sensitivi
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Table 2
Thermophysical properties[22–27]

Sn–5 wt.% Pb Sn–15 wt.% Pb Sn–20 wt.% Pb Eutectic

Ks (W/mK) 65.4 62.2 60.5 54.4
KL (W/mK) 32.8 32.5 32.3 31.7
ρs (kg/m3) 7184 7906 8108 8875
ρL (kg/m3) 7184 7551.7 7735.6 8434
cs (J/kg K) 216.4 207.3 202.8 185.4
cL (J/kg K) 253 240.9 234.8 211.9
L (J/kg) 58985 55534 53809 47253
TL (K) 225 210 203 –
TE (K) 183 183 183 183
TF (K) 232 232 232 –
k 0.0656 0.0656 0.0656 0.0656

coefficients (φ) are calculated for each interaction, given by:

φ = Test(h + �h) − Test(h)

�hi

(19)

The procedure determines the value ofh, which minimizes
an objective function defined by:

F (h) =
n∑

i=1

(Test− Texp)
2 (20)

whereTestandTexp are the estimated and the experimentally
measured temperatures at various thermocouples locations
and times, andn the iteration stage. The applied method is a
simulation assisted one and has been used in recent publica-
tions for determiningh for a number of solidification situa-
tions[10,14]based on fitted calculations of the heat transfer
coefficients.

The thermophysical properties of the alloys used presently
in the simulations performed with the developed solidifica-
tion model are shown inTable 2.

4. Results and discussion

The temperature measurements have shown that the ex-
perimental apparatus permitted an essentially constant melt
temperature to be attained before the beginning of cooling,
a liq-
u and
r adial

heat flow situation, as shown inFig. 6. The end of the so-
lidification occurs above the geometric center of the casting,
indicating variation of heat flow at the metal/mold interface
along the cylinder cross-section. The structure indicates that
the heat transfer was more effective at the bottom, decreasing
along the cylinder surface toward the top.

The effect of the air gap evolution is better visual-
ized throughout the experimental temperature cooling curves
monitored in different points inside the casting located at
5 mm from the metal/mold interface.Figs. 7 and 8show
the comparison between experimental thermal responses and
those which resulted from individual simulations for the
Sn–5 wt.% Pb and Sn–15 wt.% Pb alloy castings, with an
initial melt temperature of about 20 and 3% above the liq-
uidus temperature, respectively. Positions 4 and 5 were not
used in the numerical simulations because their thermal re-
sponses were equal to the symmetric positions, i.e., positions
2 and 1, respectively (Fig. 9).

In order to parameterizeh with time, the software Mi-
crocal Origin was used which is based on the Classical Fre-
undlinch Model of least square minimization. The results
of thermal analysis show a decrease on the thermal contact
between the metal and the mold, with the angular variation
toward the casting top. The metal contraction at the bottom
zone of the ingot is less pronounced than at the other regions
due to the gravitational effect.Tables 3 and 4show the result-
i nsfer
c der
c e,

F ylindric
M

voiding, hence, significant thermal gradients inside the
id metal. The columnar structures in the longitudinal
adial directions reveal an essential one-dimensional r

ig. 6. Typical macrostructure (longitudinal and transversal) of the c
agnification: 1×.
ng equation describing the metal/mold transient heat tra
oefficients (h), at characteristic positions along the cylin
ross-section. They expressh as a power function of tim

al casting cross-section: Sn–5 wt.% Pb, initial melt temperature (Tp) = 252◦C.
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Fig. 7. Experimental and simulated temperatures: Sn–5 wt.% Pb;
TP = 270◦C.

Fig. 8. Experimental and simulated temperatures: Sn–15 wt.% Pb;
TP = 217◦C.

Fig. 9. Comparison between thermocouples 1 and 5 (Sn–15 wt.% Pb).

given by:

h = at−m (21)

wheret is the time (s),m anda are constants which depend
on alloy composition and solidification conditions.

Table 3
Transient heat transfer coefficients for Sn–5 wt.% Pb cylindrical castings

Position Sn–5 wt.% Pb

Tp = 232◦C Tp = 270◦C

1 (lateral) h= 2150t−0.27 h= 3400t−0.38

2 (45◦) h= 3950t−0.33 h= 4950t−0.44

3 (bottom) h= 4500t−0.25 h= 8100t−0.37

Table 4
Transient heat transfer coefficients for Sn–15 wt.% Pb cylindrical castings

Position Sn–15 wt.% Pb

Tp = 217◦C Tp = 252◦C

1 (lateral) h= 1200t−0.20 h= 1800t−0.35

2 (45◦) h= 2550t−0.32 h= 2650t−0.32

3 (bottom) h= 5300t−0.38 h= 4500t−0.26

The metal/mold transient heat transfer coefficients (h) ex-
pressed as a power function of time can be taken as a general
trend, but care should be exercised when applying the ex-
pression to the beginning of solidification. A more complex
experimental set-up with a higher frequency of temperature
acquisition would be necessary for accurate characterization
of initial values of heat transfer coefficients (e.g. time <3 s)
for the present experiment. The variation of metal/coolant
heat transfer coefficient,h, as a function of time, is shown in
Figs. 10–13. Theh curves show that for all positions (1–3)
the heat transfer coefficient profiles drop rapidly as a result of
gap formation at the initial stage of solidification, but then the
h value reaches approximately a steady value. It can be seen
that a significant difference in metal/mold heat transfer effi-
ciency exists along the cross-section of horizontal cylindrical
castings. The difference is greater between positions 1 and 3,
due to the progressive decrease of the gravitational influence.
It can be seen that higherh profiles are obtained as the melt
superheat is increased. Campbell reports that the fluidity of
molten Sn–Pb alloys increase with increasing superheat, fa-
voring the wetting of the chill by the melt[28]. This fact is

F ime:
S

ig. 10. Metal/coolant heat transfer coefficient as a function of t
n–5 wt.% Pb;TP = 232◦C.
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Fig. 11. Metal/coolant heat transfer coefficient as a function of time:
Sn–5 wt.% Pb;TP = 270◦C.

Fig. 12. Metal/coolant heat transfer coefficient as a function of time:
Sn–15 wt.% Pb;TP = 217◦C.

Fig. 13. Metal/coolant heat transfer coefficient as a function of time:
Sn–15 wt.% Pb;TP = 252◦C.

more evident in the Sn–5 wt.% Pb than in the Sn–15 wt.% Pb
alloy.

The influence of alloy composition on heat transfer coef-
ficient is shown inFig. 14for the bottom position (position
3). It can be seen that theh profiles for Sn–20 wt.% Pb and

Fig. 14. Metal/coolant heat transfer coefficient as a function of time for
different alloy compositions: bottom part of the mold (position 3). Melt
superheat: 3% above liquidus temperature.

Fig. 15. Position of liquidus isotherm as a function of time: Sn–5 wt.% Pb;
h= 4500t−0.25; TP = 232◦C.

the Sn–15 wt.% Pb alloy castings are similar. Experiments
performed in a vertical upward solidification mold, also us-
ing Sn–Pb alloys[2], show the same behavior ofh profiles
according to the alloy composition, i.e., lowerh profiles are
obtained as the solute concentration is increased.

The results of thermal analysis in metal have also been
used to determine the displacement of the liquidus isotherm
as a function of time. The thermocouples readings have been
used to generate a plot of position from the metal/mold inter-
face as a function of time corresponding to the liquidus front
passing by each thermocouple. A curve fitting technique on
these experimental points has generated a power function of
position as a function of time. The derivative of this func-
tion with respect to time has yielded values for tip growth
rate. Figs. 15–17show experimental positions of liquidus
isotherm, at the bottom zone of the ingot, compared with
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Fig. 16. Position of liquidus isotherm as a function of time: Sn–15 wt.% Pb;
h= 5300t−0.38; TP = 217◦C.

theoretical results furnished by the numerical solidification
model, which used the corresponding transient heat-transfer
coefficient profile. A marked increase on tip growth rate near
the end of the casting, given by the slope of these curves, can
be observed. One can realize a good agreement between the
experimental values and those numerically simulated.Fig. 18
shows a comparison of liquidus isotherm displacement for
the three alloys experimentally examined. A progressive in-
crease in tip growth rate with increasing solute content can
be observed.

The influence of melt superheat on the displacement of
liquidus isotherm during solidification is analyzed inFig. 19
for a Sn–15 wt.% Pb alloy, solidified under two conditions of
initial melt temperature: 3 and 20% above the liquidus tem-
perature, and considering heat flow conditions at the casting
bottom.

It can be seen that, the higher melt superheat induces
a slower displacement of the liquidus isotherm despite the
slightly higher h profile is observed as the superheat in-
creases. During solidification, varying tip growth rate and

F Pb;
h

Fig. 18. Comparative displacement of liquidus isotherm.

temperature gradients can lead to different structural mor-
phologies, including planar, cellular, columnar dendritic or
equiaxed dendritic microstructures[17,27]. The time depen-
dent boundary (h) is one of the main factors affecting these
solidification variables.Fig. 20 shows the evolution of tip
growth rate as a function of position from cylinder surface,
and considering heat flow conditions at the casting bottom
(Sn–5 wt.% Pb alloy with 3% of melt superheat). It can be
seen that the tip growth rate is high at the beginning of so-
lidification and decreases up to the point where geometrical
effects[29,30] induce an increase in growth rate. The so-
lidification of round sections has particular characteristics,
which diverge from the behavior observed in the solidifica-
tion of billets and slabs, where the surface of the moving
solid/liquid front is equivalent to the heat exchange surface
at the casting/mold interface. In spherical and cylindrical in-
ward solidification, the flow of heat is purely radial and the
solid/liquid surface decreases gradually as the freezing front
approaches the center of the body. As a direct consequence,
the volume of liquid during solidification will also decrease,
being reduced to a point (spheres) and a line (cylinders) at

F idus
i

ig. 17. Position of liquidus isotherm as a function of time: Sn–20 wt.%
= 5500t−0.41; Tp = 210◦C.
ig. 19. Influence of melt superheat on the displacement of liqu
sotherm.
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Fig. 20. Tip growth rate as function of position from cylinder surface:
Sn–5 wt.% Pb.

the end of solidification. Under these circumstances it is not
difficult to visualize that the growth rate will be high at the
casting surface and will decrease gradually with the growing
solidified shell up to a point where the remaining volume of
liquid equals the volume of solidified material. It will then
increase again tending to an infinite theoretical value at the
cylinder/sphere center. This behavior will have as a deter-
minant characteristic, a point where the tendency of growth
rate is reverted (reversion point), which will depend on the
radial geometry, interfacial heat transfer coefficient and on
the thermophysical properties of metal and mold. InFig. 21
the inverse of tip growth rate is plotted against the distance
from metal/mold interface in order to determine the location
where growth rate reversion occurs. Applying their analyti-
cal model for inward solidification of cylinders, and spheres,
Santos and Garcia[31] have determined that this reversion
point lies between 0.4 and 0.5 of the radius for the cylin-
drical solidification, and are dependent of both Stefan and

F heat:
3

Biot numbers.Fig. 21shows that the reversion point for the
present investigation has occurred about half of the cylinder
radius.

5. Conclusions

Experiments were conducted to analyze the behavior of
metal–mold heat transfer coefficients (h) and tip growth rate
during solidification of Sn–Pb alloys in a horizontal cylindri-
cal stainless steel water-cooled chill. The following conclu-
sions can be drawn:

- A significant difference in metal/mold heat transfer coeffi-
cient,h, exists around the circumference of the casting due
to differences on the air gap width. From the bottom to the
side, the maximum value ofh drops about 48% and 23%
for Sn–5 wt.% Pb and Sn–15 wt.% Pb alloys, respectively,
for a melt superheat of 3% above the liquidus temperature.

- Higherh profiles were obtained as the melt superheat was
increased.

- Lowerh profiles were observed as the alloy solute content
was increased.

- A good agreement has been observed between the exper-
imental values of tip growth rate and those numerically
simulated. A progressive increase in tip growth rate with

- ifi-
al ef-
nder

nu-
ce of
nge

A

d by
F tate
o rch
C

R

347

34

tall.

002)

all.

34
ig. 21. Comparison of position of growth rate reversion. Melt super
%; bottom (position 3).
increasing alloy solute content has been detected.
The tip growth rate is high at the beginning of solid
cation and decreases up to a point where geometric
fects induce an increase in growth rate toward the cyli
center. This reversion point, determined by the used
merical/experimental approach, is located at a distan
about 0.5 of the cylinder radius, which is inside the ra
suggested by earlier theoretical predictions.
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