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Abstract

Simulation software dedicated for design of castimgcesses is usually tested and calibrated by adsgms of shrinkage defects
distribution predicted by the modelling with thétserved in real castings produced in a given foundowever, a large amount of
expertise obtained from different foundries, indhgd especially made experiments, is available friterature, in the form of
recommendations for design of the rigging systerhss kind of information can be also used for ass&nt of the simulation predictions.
In the present work two parameters used in thegdesfi feeding systems are considered: feeding simgkorizontal and vertical plates as
well as efficiency (yield) of feeders of variousaples. The simulation tests were conducted usingcasly designed steel and aluminium
castings with risers and a commercial FDM basetiveoé. It was found that the simulations cannotjsteappearance of shrinkage
porosity in horizontal and vertical plates of ew®nss-sections which would mean, that the feedamges are practically unlimited. The
yield of all types of feeders obtained from the Wations appeared to be much higher than that tegpan the literature. It can be
concluded that the feeding flow modelling includedhe tested software does not reflect phenomesgonsible for the feeding processes
in real castings properly. Further tests, witheafiht types of software and more fundamental studiiethe feeding process modelling
would be desirable.
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i thickness, i.e. with hot spots. However, it is gafig recognized
1. Introduction that the feeding ranges in castings of even thigkrage limited,
both in horizontal and vertical walls. The expentaly
determined values are available in the relevaetditire (e.g.
[1-3] and the source publications cited there). @mparison
between the feeding ranges in such elements, aokafrom
simulations with those predicted on the basis afustrial
experience, is one of the goals of the presenystud
Another problem, often ignored in assessment ofectmess
of the simulation software is the efficiency of dees. During
solidification of a casting the feeder also soiaifand only a
fraction of its volume is utilised for compensatiohthe casting
shrinkage. This feeder’s feature is sometimes &gt either as
its inefficiency ratio (required feeder's volumevidied by the

Numerical modeling plays a very important role esigining
of products and manufacturing processes sincéoivalreduction
of number of workshop tests, resulting in remar&aeduction of
production preparation times and costs. In fouriddustry the
mold filling and casting solidification processese @he main
subjects of the computer simulation. The models and
computational algorithms used in commercial sofeastiould be
verified in practice. Calibration of the model pagets is often
required and recommended by the software suppliers.

Typically, the simulation results are validateddmmparison
of the locations of shrinkage defects in castingsam-even wall

ARCHIVES of FOUNDRY ENGINEERING Volume 14, Issue 4/2014, 77-82 77



volume of shrinkage of the casting) or simply be thecessary
feeder's volume to casting’s volume ratio. Differeshapes of
feeders have different efficiencies [1-3]. In thegent work the
necessary feeders’ volumes obtained in simulationsre
compared with those based on industrial experiandepublished
in the literature.

2. M ethodol ogy

Most of the tests were carried out for two typesatibys,
exhibiting fundamentally different solidification arphologies,
resulting in different patterns of shrinkage defeanhd feeding
abilities.

The first one was a low carbon steel (about 0.26,®f#ipg a
typical alloy exhibiting the frontal type of solfdiation, leading
to concentrated shrinkage cavities. The other wasular Al-
Si10Mg type aluminium alloy, exhibiting the volumiettype of
solidification resulting in more dispersed shrin&amprosity.

In Fig. 1 characteristic distributions of shrinkadefects in
horizontal plates with feeders, resulting from tiedi feeding
ranges, are shown for the both types of alloys.

@

(b)

Fig. 1. Characteristic shrinkage defects due tddidfeeding
ranges in: (a) steel castings, (b) aluminium atlagtings [4]

2.1. Testing feeding ranges

260x240x60 mm and 520x240x60 mm. On the top of easting
an open cuboidal riser was placed, dimensionedatisfg the
modulus and volume conditions. In vertical platejstd steel
castings the porosity resulting from exceeding fieeding
distance can be avoided either by adding extra f&dders or,
more often, by padding additions increasing the penature
gradient. The maximum permissible heights of eugiokhess,
based on the industrial experience for steel ogstare given in
[1]. All heights of the plates assumed in the pnéstudy were
remarkably larger than those permitted by the ditae
recommendations [1] to be cast without additionatiging or
extra side feeders.

Fig. 2. Example of the plate-shaped casting vatdérs used for
testing the feeding ranges in horizontal plates

2.2. Testing efficiency of feeders

For relatively large volume, thin-walled castingbe riser
dimensions found from the modulus condition mustulseally
increased in order to satisfy the volume condition:

Vi = xSV, 1

where V; is the necessary feeder's volum¥é; is the casting
volume (or its part which has to be fed from thedfer),S is the
volumetric relative shrinkage of the alloy (resudtifrom cooling
from the pouring temperature to the end of solidifion) andX is
the factor of the feeder’s ineffectiveness. Theetagxpresses the
ratio of the necessary feeder’'s volume to the veluofi the

Two geometries of square plate-shaped castings wereexpected shrinkage cavity (or porosity) in the icast

assumed for all horizontal feeding range teststhef following

dimensions: 500x500x20mm and 1000x1000x20mm. Ak th

risers were cylindrical with height-to-diameterioaequal 1.5.
The dimensions of the risers were calculated basethe two

This feature of the casting geometry can be quaivigly
expressed by the following dimensionless shapeficteft [1]:

well known fundamental conditions, based on the q = (casting volume to be feﬂ]{casting modulusa) )

feeder-to-casting modulus ratio and the volumeorfti 5]. The

testing procedure always started from the numbed an

arrangement of the risers resulting from the fegdmnges
reported in the literature. In Fig. 2 an exampléest casting with
risers is shown.

Testing the feeding ranges in vertical elementseaased out
only for steel castings because the relevant recmdations for
aluminium alloys are not available. Six differereognetries of
vertical plates were used (height x width x thicks)e 70x150x30

The efficiency of risers can be determined onlyngsi
geometries of highg values, i.e. where the riser dimensions
calculated from volume condition are higher thamsthobtained
from the modulus conditions. The test casting usedtie present
study was a horizontal plate of the following dirsiems:
500x500x20 mmd [0 5000) with one, centrally located feeder.

Four types of open riser shapes were tested: cidalbf the
three height-to-diameter (h/D) ratios equal 1 arfl ds well as

mm, 140x150x30 mm, 280x150x30 mm, 130x240x60 MM, nemispherical ones, with bottom cylindrical neckisT choice
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was motivated by the foundry practice and signiftga larger

efficiency of the hemispherical risers for steedtozys, compared
to the more commonly used cylindrical ones, as ntegoin the

literature [1].

The testing procedure always started from the ’'siser
dimensions resulting from the modulus conditiona I§hrinkage
defect was observed within the casting, then theedsions of the
risers were increased gradually, until the defésappeared. The
feeder’s efficiency was calculated from the voluofethe first
riser which ensured correct feeding; however, thmitial
dimensions appeared to be satisfactory in somescase

In the present study the efficiency (yield) of aeder is

defined by the reciprocal of fact®rappearing in eq. (1), i.e. the
ratio of the expected shrinkage defect volume ® recessary
feeder volume, expressed in %:

Feeder efficiency = &) / V; 3)

In the extreme case, when all the metal from feexletilized
for casting shrinkage compensation (i.e. the feeletomes
empty after completion of solidification) then iefficiency is
100%.

The shrinkage values were found from the densityesu of
the alloys available from the software materialstadase,
assuming default pouring (initial) temperaturesoahpplied in
the simulations.

2.3. Simulation software and shrinkage
modelling

In  the present study the commercially
NovaFlow&Solid simulation software was used (resbaand
educational version 2.92r15), by NovaCast SystemsTA® code
utilizes the Finite Difference Method. The shringafprmation
and feeding flow modelling is based on the follogvin
assumptions.

The volume changes of the alloys are defined by tensity
vs temperature curves, covering the temperaturgesabetween
pouring and solidus temperatures.

The flow of liquid or semi-liquid metal during sdification
(i.e. feeding flow) and, consequently, the locatdithe shrinkage
defects, are driven by two kind of forces: grawiyd pressure
gradients due to liquid volume change during sfitidtion. The
contributions of these two can be changed by tlee, setting the
value of the parameter called ‘gravity influenc&he software
allows choosing one of three levels of this paramethigh”,
“medium” and “low”. With increase of the gravityfinence the
location of the shrinkage defects moves upwardshasliquid
metal tends to go down.

The partly solidified metal creates a resistanceht® flow,
dependent on the liquid phase fraction. Three rangfe this
fraction are distinguished, in which different nmaw of the
resistance and the corresponding governing lawsalie. These
ranges have the following limits:

= 1 (beginning of solidification) and certain uppeitical

liquid fraction CLFu, called fluidity threshold;

= CLFu and another critical liquid fraction CLFd (<CLFu)

called percolation threshold;
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= CLFd and 0 (end of solidification).

Larger CLFu and CLFd values increase the flow restetaand
reduce feeding.

Further details concerning the shrinkage and fepdodel
can be found in the help file of the software; tf®rmation can
be obtained from www.novacast.se.

In the present study the above mentioned parametefiaing
feeding flow driving forces and resistance, weré¢ se that
simulation results are closest to those predictedhe basis of
industrial experience and recommended in the titeea

3. Results

3.1. Feeding rangesin plate-shaped castings

The results of numerical experiments oriented radifig the
feeding ranges, both in horizontal and verticaltgkhaped
castings were much surprising. In all simulatiohse tastings
revealed no shrinkage defects.

In Fig. 3 the extreme example of the results olethiin
horizontal steel plates is shown.

@)

(b)

(©

Fig. 3. Shrinkage defects obtained from the sinmatof steel
casting solidification, assuming CLFu and CLFd eduéland
different gravity influence values: (a) — high, tbinedium, (c) —
low

The relative large dimensions of the feeder reBuln the
large volume of the casting, according to eq. M9te that the
values of critical liquid factors were assumed hatrehe levels
which nearly block feeding flow at an early stadedaidification
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and the distances from the feeder to the platesedgee several
times larger than the sum of the end zone andeééirig range
calculated from the literature data [1]. Similarsulis were
obtained for different critical liquid factors vals and all other
geometries.

In Fig. 4 the similar extreme example of the resolbtained
in horizontal aluminium plates is shown. Althoudite tshapes of
the shrinkage cavities in the feeder are differéom those
obtained for steel, the fundamental result reldtedhe feeding
range is the same.

@

(b)

(©

Fig. 4. Shrinkage defects obtained from the sinmuhatof
aluminium casting solidification, assuming CLFu &id~d equal
0.9 and different gravity influence values: (a)ighh (b) —
medium, (c) — low

Fig. 5. Shrinkage defects obtained from simulatiohsteel
casting solidification; the smaller plate dimensdthickness x
width x height, in mm) are: 30 x 150 x 280 (leftida60 x 240 x

In Fig. 5 two examples of the simulation resultsaited for
vertical plate-shaped steel castings with only toyefeeder are
shown.

3.2. Efficiency of feeders

In some of the simulations carried out accordinghi® plan
presented in Section 2.2 the feeders’ volumes tiegufrom the
modulus condition appeared to be not large enowglavoid
shrinkage defects in the castings. Typical examaiesshown in
Figs. 6 and 7.

Fig. 6. Shrinkage defects obtained from simulatiohsteel
casting solidification aimed at finding efficienojhemispherical
feeders: (a) — feeder dimensions resulting fromntiodulus
condition, (b) — feeder dimensions increased ingefitly, (c) —

satisfactory feeder dimensions

@) S

(b)

Fig. 7. Shrinkage defects obtained from simulatiohaluminium
casting solidification aimed at finding efficienoj cylindrical
feeders (h/D=1.5): (a) — feeder dimensions regyfiiom the

modulus condition (the shrinkage defect touches#sting area),

(b) — satisfactory feeder dimensions

In some of the steel castings the feeders’ dimessiesulting

; from the modulus conditions appeared to be satmfac as
520 (right) A -
shown in Fig. 8. In such cases the efficiency patemwas
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calculated from these feeder’s dimensions and rdaake“bigger
then ...".

Fig. 8. Example of shrinkage defects obtained from
solidification simulation of a steel casting ainsdinding
efficiency of cylindrical feeders (h/D=1.5); theefter's
dimensions determined from the modulus conditiamitéed to

avoid shrinkage in the casting in this case

In Table 1 all the feeder efficiency values foundhie present
study are shown, together with the values calcdldtem the
literature recommendations based on industrial iepee.

Table 1.
Efficiency of feeders found from the simulationseggent study)
and calculated from the literature recommendations

Feeder Feeder
efficiency efficiency
Cast Feeder type  from the from the Ref.
alloy . ) . No.
simulations, literature,
% %
Cylindrical
WD = 1 > 74 10 [1]
Low == lindrical
carbo hD =15 >71 10 [1]
n steel
Hemispherical 56 16 [1]
Cylindrical
hD = 1 32 25 [2]
Al Cylindrical
based hiD =15 31 7 [2, 3]
Hemispherical 23 N/A

The general observation resulting from the valuesas in
Table 1 is that the feeder efficiencies obtainedmfr the
simulations are fundamentally higher than thoseiltieg from
the literature recommendations. This particulaneerns steel
castings for which the corresponding efficiency ueal differ
several times.

Another finding is that hemispherical feeders agssl
effective compared to the cylindrical ones, which in
contradiction to the literature recommendations [1]

4. Discussion of results

The numerical experiments carried out in the prestdy
were aimed at comparison of the shrinkage defesttilutions
obtained from solidification simulations with thosgpected by
the foundry experience. Two important issues weresitlered:
feeding distances in plate-shaped castings of #viekness and
effectiveness of risers, meant in terms of the#dyi The general

observation which can be made for the both probliesnkat the
feeding flow predicted by the investigated simulatisoftware
goes much too easy.

The problem of limited feeding ranges in horizongaid
vertical casting walls of even thickness, oftenethdy foundry
practitioners, is usually interpreted in terms afsatisfactory
temperature gradients in such elements. The welvknNiayma
criterion for steel [6] and Lee criterion for aluriium alloys [7]
are useful and experimentally validated parametefining
conditions of proper feeding. It is important thlagse criterions
include only temperature — related parameters velseia the
contemporary simulation software a big effort isdedo model
the feeding flow, taking into account the presstiedd in
solidifying casting. This is certainly a difficufask. In his famous
book John Campbell [5] writes: “The development omputer
software to predict the solidification of castings not yet
developed to predict the occurrence of porositymfrdirst
principles, i.e. calculating the pressure drophim tarious parts of
the casting, and thereby assessing the potentialuideation and
growth of cavities. This represents a Herculeark.talt is
symptomatic, that the software packages often declihe option
of calculation and displaying the distribution diet feeding
criteria values (usually the Niyama criterion) asaternative to
the shrinkage porosity distribution resulting freime feeding flow
modelling. This indicates that modelling feedingpwl and
porosity formation in solidifying castings is nobrsidered as
fully reliable even by the software authors.

The problem of feeder efficiency requires somevdifiérent
approach. Unlike the feeding range, the discussiothis issue is
rather modest in the literature. The fraction @& thetal from the
feeder which is utilized for compensation of thettay shrinkage,
results from the solidification pattern of the feed.e. mainly the
cavity formation. In the fundamental work [1] thbéapes of
feeders’ cavities are determined using a geométaigaroach. In
Fig. 9 a comparison of the typical cavity shapesuased in [1]
with those obtained from simulations is shown.

((x'\ WU T W T S )

h

Fig. 9. Comparison of shrinkage cavity shapes Ilimdsical
feeders assumed in steel castings in [1] (lefth tyipical
distribution of shrinkage defects in similar feexlebtained from

simulations carried out in the present study (Jight

It is clear that the efficiency of feeders resugtitom the
geometrical approach [1] must be much smaller coetpto that
obtained from simulations. Although the geometriagproach
can be (questionable, the recommendations concerning
dimensioning of the feeders [1] have been succlgsiged by
many steel foundries. For aluminium castings thE#erinces
between feeders’ effectiveness obtained from sitiarla and
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calculated from the literature are much smallemtiier steel
castings. The recommendations for aluminium areedbasn
experiments and therefore they can be more reatistinpared to
Wlodawer’'s approach [1]. It is likely that the reemended
feeders’ sizes for steel castings are exaggerated.

(1]
(2]

5. Conclusion and further work 3]

The substantial disagreements between feeding tsesul
obtained from simulations and the foundry expememan be [4]
certainly attributed to shortcomings of the feedilogy modelling
utilized in the software algorithms. The diagnosfsthe model 5]
flaws, indicating the necessary improvements,dgfecult task.

Obviously, comparisons between simulated and real 6]
experiments would be beneficial. However, one &f finst and
possibly easiest steps that could be taken is ahgckhe
relationship between simulated density or shrinkafgfects
distribution in plate-shaped castings and the teaipee
gradients, including Niyama and Lee feeding crteflihis would
allow to analyse of feeding conditions in the teastings and
would also facilitate finding possible inconsistiscwithin the
software.

Another step would be to carry out simulations Emio
those described in the present study, using otlennwrcial
software packages, such as MAGMASOFT or ProCAST. The
available literature on feeding flow modelling, €@ - 10]
suggests that the models utilized in some packaggsbe more
complex and sophisticated compared to that usdtiarpresent
work.

A practical conclusion resulting from the preseanty is that
simulated feeding results, in the form of the dignsi shrinkage
defects distribution, should be utilized with greate. The issues
related to feeding flow modelling and shrinkage qsity
formation in solidifying castings certainly requitather studies.

(7]

(8]

(9]
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