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Abstract: The rotational molding is a manufacturing methoadttallows obtaining parts with hollow form
by rotating a mold around two perpendicular axethwhe part material in the liquid state. Althoutite
manufacturing method was proposed more than ontigerngo, there are yet aspects less investigated
and the emergence of new materials that can beegs®arl by rotational molding also generate interest-
ing problems for the researchers. The paper presentne theoretical considerations concerning the
conditions for the liquid flow during the rotatiohmolding process. The coordinates of a point bgiog

to the mold were derived, even for the case whegentold rotates around two perpendicular axes. By
knowing the relations specific to the point motithhe motion speed can be expressed. The main forces
acting on a small volume of liquid material, i.gravitational, viscous, and centrifugal forces, e¢aken
into consideration. The resultant force ensuresditions for the penetration of the liquid materialthe
narrow spaces of the mold cavity. A systemic amalyas used to highlight the main input and output

factors specific to the process.

Key words: rotational molding, liquid flow, motion trajectonforces, systemic analysis, input factors,
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1. INTRODUCTION

In the last decades, the evolution of the humaresoc
ty has determined an intense use of parts maddasf p
tics. Along the time, a large set of machining roeth
able to ensure the manufacturing pieces of plasts
developed. Indeed, nowadays, the plastic partsdcbel
made by extrusion, injection molding, compressiod a
transfer molding, casting etc. Most of such manufac

ously (unload-load station, heating station, caplsta-
tion etc.). Inside the mold, the temperature nhestof
about 378 C; as parts materials, the polyethylene, poly-
propylene, ABS, high impact polystyrene can be uged
wide variety of parts are made by rotational majdjoar
and truck body parts - up to 226 kg car bodiesystral
containers— up to 2 273 |, telephone booths, playing
balls, canoe hulls, storage tanks, garbage caght li
globes etc.); some of the main advantages of thisun

ing methods are based on the use of expensive a@nuf facturing process concern the possibility to obfaime

turing systems. A manufacturing method appearedemor hollow products, including complicated curved soe,
than 50 years ago and which seems to find a more exa good finish and stress-free strength [11].

tended use is the so-calledtational moldingor, in a
short form, therotomolding Essentially, this method
allows obtaining parts with hollow form by usingeth
gravity [5]; a rotation of the mold around two penglic-
ular axes ensures the flow of the melted plasti¢thsd
finally a part with hollow form can be obtained.

An inconvenient in using the rotational molding
could be considered its relatively reduced proditgti
(generally, the duration of the mold rotation isder
than 10 minutes); in order to diminish this incomiet,
the systems for rotational molding could includengna
work stations, where various stages develop simeita

" Corresponding author: “Gheorghe Asachi” Technicaiversity
of lasi, Blvd. D. Mangeron 39A, 70050¢&a Romania,

Tel.: 0232 278680/2313,;

Fax: 0232 217290

E-mail addressesiati@tcm.tuiasi.rqL. Slitineanu)

For melting the plastics, various heating souraes a
used, but in the last years, some of the new solsti
were based on the mixing of two or more components,
one of these components being in a liquid stateindu
the rotation, a hardening process develops sdfittedly
the desired part is obtained at opening of the mietd
such a version, the manufacturing system is no¢xso
pensive or it can be relatively easy designed aaterm
alized; in this way, the equipment for rotationadlding
could be accessible inclusively to the small entses.

One has also to mention that the rotational molding
could be applied in the case of big parts of ptasitlud-
ing hollows, when significant difficulties could pgar at
applying other methods for plastic parts manufaatur

The first mention concerning the use of heat and bi
axial rotation in order to produce a hollow partswa-
cluded in 1 855 British patent and applied in farghof
hollow metal artillery projectiles. Equipment invoig a
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rotational molding was mentioned in a 1935 patéhe :
equipment was used for production of hollow latdx o
jects; this patent is considered as the basishfontodern L0,

rotational molding equipments [3].

A group of researchers from New Zeeland and
Northem Ireland took into consideration some ways t
reduce cycle time of the rotational molding procgds
They proposed some various techniques (combination
surface-enhanced molds, higher oven flow ratesyrial
mold pressure, water spray cooling) able to betptoit
the advantages of the rotational molding process.

Banerjee et al. [2] proposed a heat transfer mbylel
considering that the heat transfer to the powdethat @

mold-powder interface is through convection. Thedeio
was used in order to calculate the cycle time fatipu-
late composites; a decrease of the cycle time was r
marked in the case of reinforced composites, whieh Fig. 1. Rotation of the mold around two axes perpendicular
characterized by an increased thermal conductiVibe each other.

experiments proved the validity of the proposed ehod

G. Gogos [4] described some solutions able remove Due to the rotational motions, the liquid flowsant
the bubbles in rotational molding of polymer prodduc the mold coating the internal surfaces. As one sem
He also showed that a pressure increase imposea onthe liquid flow along the internal walls of the rdois
nearly saturated polymer melt could contribute dstf essentially determined by the gravity and not ey ¢hn-
bubble shrinkage, this allowing a significant cytitae trifugal force. Due to the two rotation motionse tinajec-
shortening through elimination or reduction of thees-  tory of a point belonging to the mold is complext lus
sive heating. take into consideration a coordinate sys@xyz (Fig. 2)

Liu and Tsai [6] investigated how blowing agents and a poiniM that belongs to the mold and whose projec-
could influence the rotational molding process dimel  tions areM,, My, M, on the semi axe8x, Oy andOz, My,
product quality; they noticed that the blowing aigen — on the horizontal plan®xy, M, on the vertical plane
improve the impact properties of the foamed polyeth OyzandM, on the lateral plan®xz The position of the
ylene products, but they can also generate longelec pointM is characterized (fig. 2) by the radiBsthe angle
times, uneven surfaces, increase of shrinkage &ad d/ between the plan®xzand the semi axi®z (colatitude)
crease of the warpage. and the angle: between the plan®zxand the plane de-

Liu and Peng [7] showed that higher cooling ratesfined by the point©, M andM,.
applied in the rotational molding of polycarbonadn-
forced polyethylene composites allow the obtaining The Cartesian coordinates of the pdihtare the fol-
products characterized by higher impact strengtins,  lowing:
lower tensile strengths. They analyzed various erati-
ical models, in order to predict the tensile prdipsrof Xy =RSin1Cosx
molded composites. _ o y,, = RBinABina . )

Olinek et al. [8] studied the flow characteristioc
polymer particles during the rotational molding gess;
they noticed that certain segregation occurs whati-p
cles had smooth surfaces and regular shapes. Tioey p  In Fig. 2, the anglg was also included; this angle is
posed to improve the product quality by acting ba t formed by the segme@M, andOM, and it is necessary
heating rate and rotation sped. when characterizing the rotation of the mold roohthe

In a paper published in 2008, Pethrick and Hudsorsemi axesOy and Oz The writing of the anglé as a
[10] showed that the influence of temperature anis-  function of the angles: and g is therefore necessary.
cosity could be appreciated as a significant fairtdoub- ~ From the triangl©MM,, one can write:
ble release and maintenance of wall thickness itkth
walled mouldings. They proposed a simplified moatel
the rotational mouldings process, in order to hgitilthe ZA
appropriate relationships describing the processjuie.

Perot et al. investigated the relationship amorgy th M M
material structure, the process and the final ptagsein £
the case of using a polymer powder; afterwardsy the
proposed a heat transfer model during the prodégs [

z, =R[tos]

2. THEORETICAL CONSIDERATIONS / M,

As above mentioned, the rotational molding process
is based on the rotation of the mold including phestic
in a liquid state around two perpendicular axeg.(E). Fig. 2. Position of a point belonging to the mold.
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OM
COSA = = 2
= 2)

But OM=M,M,; form the triangleOM,M,, the follow-
ing relation can be written:

tanB:M'NIx , 3)

XM

or:

MM
tanf=——1—* . 4
B RsinA cosa @

In this way, one can write:

M M, =RsinAcosotan(. (5)

Taking into consideration the last equality, teéf
tion (2) becomes:

_ RsinAcosatanf

cos\ 6
= (6)
or
cos\ =sinA cosa tanf3. @)
From the last relation, one can write:
A =— ®)
cosa tanf3
or
1
A =arctan———. (9)
cosa tanf3

The Cartesian coordinates of the pdihbecome:
: 1
Xy = RO$in arctan——— | [dosa
cose tang

Y, =Rsi arctan; Bina
" cosatanf - (10

z,, = Rl¢o arctan;
cosatang

It is known that the angular speedcould be put in
connection with the rotation speed(rotations per mi-
nute) by means of the relation:

™
w=—. 12
20 (12)

Of course, there is the possibility to use distimta-
tion speeds around two considered axes.

The viscosityrefers to resistance of a fluid which is
being deformed by either shear or tensile streski@an
characterizes the internal resistance to flow; somes,
the viscosity is considered adluid friction.

One can take into consideration the dynamic viscosi
ty, the cinematic viscosity and the Engler conwamdi
viscosity, respectively.

The dynamic viscosity is a coefficient of propor-
tionality included in the relation of the tangehtiansion
7. (shearing stress between two planes parallel thith
direction of flow):

-t
v
dr

(13)

where %’ is the velocity gradient at right angles to the
r

direction of flow.
The kinematic viscosity corresponds to the ratio be-
tween the dynamic viscosityand the fluid density:

v=2 (14)
p

The fluidity refers to the capacity of a fluid to flow
and this propriety is considered as a reciprocathef
viscosity.

The force of viscositfor force of internal friction is
tangentially directed to the surface of neighboligers
and has an opposite direction to the motion dioacti

In the case of laminar flow, this force is given thg
Newton’s relation:

As consequence of the mold rotations around the

semi axeQy and Oz, with the angular speed,,..., o,
instead of the angle, the anglex+w.t and instead of the
anglep, the angles + oy, t could be considered,being
the time.

The equations system becomes:

R 1
Xy = RBIF{arctanco 5(0( " cozt) T ”([5 " coyt)

E:os(cx + wzt)

- 1
Yu = RIS arCtancos(a +wt)danB+ot) - (12)

E'l;in(a +oozt)

1
=R .
& O{amtapcos(u +wt) Dlan(B + wyt)J

F.,=-n [BBdl/ , (15)
dz

wherey is the coefficient of dynamic viscosit§ — the
common surface of two neighboring surfaces, avidzd
is the gradient of speed (the speed variation eriehgth
unit). In the case of the liquids, the viscosityulcbbe
explained by taking into consideration the addiion
forces appeared between molecules; these forcesajen
an additional contribution to the shear stresstheitrela-
tion between flow and viscosity is not completehoivn
and explained. The viscosity could be measured by
means of variouwviscometersand rheometers the last
type of apparata is used when the liquid cannatHae-
acterized by a single value of viscosity.

During the rotational molding process, the fluig-vi
cosity has to be high enough to ensure conditiérialo
filling the internal small cavities existing in thaold
walls.
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Fig. 3. Main forces acting on a small volume of liquid svél.

The centrifugal forcés usually defined as opposite to
the centripetal force; the last concept (centripftece)
concerns the force which must be applied to a Hady
order to ensure to it a circular motion. In accoawith
the third principle of dynamics, the centrifugatde acts
simultaneously with the centripetal force and itilcobe
determined by means of the relation:

m?
« =R (16)
wherev is the body speeds along the circular trajectory
andR is the distance from the rotation center to thesna
center of the rotating body.
In our case, if one considers (Fig. 3) the smallime
V = AX-Ay-Az, the mass of this volume is given by:

m=Ax[Ay[Azlp, a7)

p being the liquid material density.
By taking into consideration the last relatidm ten-
trifugal force becomes:

F= (Ax[Ay [(Az[p) °
c R '

(18)

In order to write the expression of the motionespe
the coordinatey, yu, zw of the pointM could be taken
into consideration.

The speed of the point motion can be written as-a d
rivative of the functions (relation (11)) corresparg to
the coordinates of the poilt:

_dx
7 dt
_dy
Vy—a. (19)
_dz
*odt

The derivative of the coordinates y and z have a
complex aspect:

v —%— R a
©ooot tarfiE+myti
1

1
\/1+ cod(a+wt)dart(B+awt)
R

1 It [do — O
[L+tarr (B+wt)) [, m

= 0

E——

sin(cx + mzt) [y,

+

cos(a +wt)farf (B +wt)

@+ tarf(B+ myt)m)y
cog(a+wt)dar(@+wt)

(20)

R

v - O
ot cod(a+wt)danp+wt)

1 0

1

[$in’ (a +wyt) [do, —

\/1+ cog(a+awt)darf (B +wyt)

R O
coda +wt)Hart ([3 + coyt)

1

T Bin@+wt) O

+
cos(a +wt)dart (B + ooyt)
1+ tarf(B + ooyt)) (6o, —

R

2 Coe{a + cozt) Eﬂar(B + coyt) -

L 0

J(“ ol oo wytJ

28I’ (o + wyt) [,

cos(a+wt)dart(B+wyt)
2L+ tarf (B + w,t)) [,

B cog(o+wt)darf (B +w,t)

w

z

* tar(B +wt) \/1+ 1

cos(a+wt)Tar(B+wt) (21

v, :ai:
ot
R

O

E—

sin(cx +(x)zt)m)Z

+

cos(a+wt)dart(B+wyt)

~ 1+tarf (B +ayt) o, (22)
cog(a+wt)darf (B +w,t)

The speed modulus is given by the relation:

ds [\ 2 2
V=—=,/V. +V +V | 23
dt X y z ( )
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where s corresponds to the relation of the poirtionan .
the given coordinate system.

In such conditions, the centrifugal forée can be
written by considering the relations established tfee
massm and speed:

- (Ax Dy [z [p) Eﬁvj+vj +v§)
’ R,

The gravity forceR for the small volume having the
dimensionstx, 4y, and4z can be written as:

. (24)

F,=my, (25)

wherem is the mass of the small volume of liquid mate-
rial andg — the gravitational acceleration.

If the relation (16) for the mass is considered, the
following relation can be written for the gravityrée:

F, = AxDyDzply . (26)

Due to the rotation motions, the centrifugal force
changes continuously the direction in which it aetken
the centrifugal force has a vertical direction lte Earth
centre, it helps the liquid flow and the fluid p&agion in
the cavity placed in the bottom zone of the moldhat
position.

If it necessary to ensure the liquid flow even e t
position when the poiri¥ is found in a superior position
(over the horizontal axis), the centrifugal forcesnex-
ceed the sum of the forces corresponding to theitgra
and viscosity force:

F.>F, +F . (24)

Meeting of this condition allows to the fluid toof
and thus to penetrate in the small cavities froenrtiold,
inclusively when the considered point is found other
horizontal rotation axis.

3. SYSTEMIC ANALYSIS

A more complex image concerning the rotational
molding process could be obtained by using theesyist
analysis. It is known that the systemic analyskesanto
consideration an assembly or a process as a system,
cluding input factors, output factors, disturbinglaven-
tually intermediary factors.

In the case of the rotational molding process, care
appreciate that the maiimput factorsare the following:

» physical and chemical properties of the material
found in a liquid stated and introduced in the mold
cavity (viscosity, capacity to adhere to the mold
walls, density etc.);

e particle characteristics;

» temperature of the liquid; one accepts that usutiby
higher the temperature is, the lower and the more
convenient the liquid viscosity is;

» the heating rate;

» the position (distance) of the considered pointhi
rotation axis of the mold;

» the rotation speeds around two perpendicular axes;

29

the duration of the process; during the rotatidmg t
liquid ought to cover all the internal walls of tbavi-
ty existing in the mold and, also, to solidify iargact

with these walls.

The solidification can be generated by the cootivey
mold, but certain versions of the rotational motgdjpro-

cesses can be based on chemical reactions amongr two
more substances found in the liquid just duringrita-
tional molding process etc.

As output factorsone can take into consideration:
the solidity (the tensile strength) of the wall thie

obtained part;

INPUT
PARAMETERS

& Physical {viscosity,
density, capacity to
adhere te the mold

walls) and chemical

properties of the initial
liguids
s Liguid temperature
& Heating rate
= Position to the
rotation axis
s Rotation speed
& Process duration
s Given position
sEte.

INTERMEDIARF
PARAMETERS
sLliguid viscosity
sEtc.

: !

Rotational
molding
process

: 3

oUTPUT
PARAMETERS
= Splidity of the walls
Capacity to fulfill the
narrow cavities
& Density of the part
material
® Surface state
o Walls thickness
variation
& Impact resistance
& Porosity of the part
material
= Glebal shrinkage and
warpage
& Process duration
= Fie.

DISTURBING
PARAMETERS
sErrorsin
preparing the
liquid mix of
substances
sLow control af
the material
solidification
sFic.

Fig. 4. Factors able to affect
the rotational molding process.
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the fulfillment of the narrow cavities existing the
mold and which finally are found as narrow promi-
nences on the obtained part;
the density of the part material resulted by sbtidi
tion;
the surface state of the obtained part walls;
the walls thickness variation;
the impact properties;
the porosity, which is a property in direct conmatt
with the above mentioned output factor (density);
the global shrinkage and warpage;
even the process duration was mentioned as an inp
factor, one can consider also the process duratson
an output factor.
Indeed, the chemical compositions of the substance
mixed in order to obtain the liquid could influentee
duration of the process and this means that ondadan
into consideration the duration of the rotationadleing
process also as an output factor.

In fact, the process duration offers an image abiwait
process productivity, this being an important texbgi-
cal objective.

Of course, there are maffigctors able to disturlthe
rotational molding process:
the errors in ensuring the specified quantitiemafe-
rials used to obtain the initial liquid;
a lower control of the material solidification ihet
mold; thus, if the solidification process begin® to
early, the premature increase of the viscosity atoul
generate difficulties in the penetration of theuljin
the narrow cavities existing in the mold and fipall
the part could present shape errors etc.
Some of the above mentioned input factors and othe
work parameters could be also consideredthtessmedi-
ary factors for example, the viscosity of the liquid could
be put in connection with the liquid temperature.

4. CONCLUSIONS

The rotational molding is a manufacturing method
based on the liquid material solidification withthe
mold, during the rotation of the mold around tweesix
perpendicular each other. Nowadays, the rotatiovdd-
ing is widely applied in order to obtain hollow tmof
plastics. Even the productivity of the method iwéo in
comparison with other methods applied for obtaining
plastic parts, the manufacturers prefer to usest t the
relative simplicity of the equipment and of thehrolo-

gy.

The new materials imposed the development of re-

searches directed to the correct establishing efwtark
conditions or to improve the results of applying tbta-

u

L. Skitineanu et al. / Proceedings in Manufacturing SysteVol. 7, Iss. 1, 2012 / 250

tional molding process. Some considerations were
elaborated about the coordinates of a point betantp
the mold found in the motions specific to the notadl
molding process.

A short examination was made in the direction &f th
forces which act on a small volume of liquid matkand
facilitate the contact of the liquid with the wali$ the
cavity existing in the mold.

A systemic analysis was also developed in order to
highlight the main influence factors which couldlin
ence the parameters of technological interesthénfu-
tyre, there is the intention to investigate thgetry of
a point belonging to the mold during the rotatiootions
around two perpendicular axes. There is also ttenin
'éion to build a simple equipment able to be useadeic
perimental research of the rotational molding psscén
order to highlight the influence exerted by sompuin
factors on the output parameters.
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