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ABSTRACT: Residual wall thickness is an important indicator which aims at measuring the quality of water-assisted injection molding

(WAIM) parts. The changes of residual wall thickness around dimensional transitions and curved sections are particularly significant.

Free interface of the water/melt two-phase was tracked by volume of fluid (VOF) method. Computational fluid dynamics (CFD) method

was used to simulate the residual wall thickness, and the results corresponded with that of experiments. The results showed that the pene-

tration of water at the long straight sections was steady, and the distribution of the residual wall thickness was uniform. However, there

was melt accumulation phenomenon at the dimensional transitions, and the distribution of the residual wall thickness wasn’t uniform.

Adding fillet at the dimensional transitions could improve the uniformity of the residual wall thickness distribution, and effectively reduce

water fingering. Additionally, at the curved sections, the residual wall thickness of the outer wall was always greater than that of the inner

wall, and the fluctuations of the residual wall thickness difference were small.VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

As a new medium-assisted molding technology, WAIM1 is the

newest way to mold hollow or partly hollow parts. The princi-

ple of WAIM is similar to that of gas-assisted injection molding

(GAIM),2 except that the water is incompressible, the viscosity

is higher, the thermal conductivity is 40 times, and the heat

capacity of which is four times compared to what the nitrogen

is. Because of this reason, there are many unique advantages in

WAIM: fast cooling, short cycle; thin wall thickness, material

savings, lower costs; no sink marks, smooth inner surface. Cur-

rently WAIM technology is mainly used in the automotive

industry, household items, furniture and building materials

which brings a bright future on market prospects.3

Residual wall thickness significantly affects the strength of

molded parts; so many researchers have investigated the size

and distribution of the residual wall thickness by experiments,

and achieved lots of research findings.4–8 On the other hand,

the majority of current researches are mainly focused on experi-

ments, while few scholars explain and verify experiments by nu-

merical simulation methods. Li et al.9 studied the residual wall

thickness of tubes through computer simulations, based on the

mathematical model of WAIM. Zhang et al.10 put forward the

model and numerical simulation method for the second pene-

tration in WAIM. Khor et al.11 proved that FLUENT was excel-

lent in handling injection mold filling problems through three-

dimensional numerical investigations. In particular, the residual

wall thickness around dimensional transitions and curved sec-

tions is an important factor in judging the quality of tubes.

However, it has never been systematically investigated by nu-

merical simulations.

Reynolds stress was introduced in WAIM model for the turbu-

lence characteristics of high-pressure water, and the traditional

injection molding model was improved. Based on the improved

mathematical model, the free interface of the water/melt was

tracked by VOF method, and CFD method was used to simulate

the residual wall thickness. This article mainly studied as the

following: (1) the distribution of residual wall thickness at long

straight sections; (2) the distribution of residual wall thickness

at dimensional transitions and mechanism; (3) the effects of

adding fillet to the residual wall thickness distribution; (4) the

distribution of residual wall thickness at curved sections. Mean-

while, the simulation results were compared with experimental
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data, and it showed that the simulations were reliable. The sys-

tematic study of the residual wall thickness at dimensional tran-

sitions and curved sections by numerical simulations is greatly

needed to enhance the technology of WAIM parts.

MODEL AND METHODS

Mathematical Model

Numerical simulations of the traditional injection molding are

based on generalized Hele–Shaw model, which is confined to

the thin-walled cavity and used in laminar flow. Whereas, in

WAIM, the injection of water is turbulence, and the heat

exchange between the water and melt can not be ignored.

Therefore, it is necessary to improve the mathematical model.

The filling process in WAIM includes the non-Newtonian lami-

nar of the melt with low Reynolds number and the turbulence

of the water injection with high Reynolds number, namely

multi-phase stratified unsteady flow. During water assisted fill-

ing, the water is injected and penetrates into the core of the

melt along the path of the least resistance.

To simplify the flow process and facilitate the simulation, the

assumptions are as follows: the water and melt are incompressi-

ble; the melt flow meets no-slip boundary, and the melt front is

atmospheric pressure; the body forces and surface tension are

ignored; the melt fills mold cavity uniformly at the initial state,

and the melt injection process doesn’t affect water penetration.

Governing equations include the continuity equation, motion

equation, energy equation, constitutive equation, viscosity

model, and volume fraction equation.

Continuity equation meets the law of mass conservation, and

the general form is:

@q
@t

þ @ quið Þ
@xi

¼ 0 (1)

The injection of water is high Reynolds number turbulence, so

the random nature of turbulent flow must be considered in

motion equation. Reynolds stresses are introduced in motion

equation based on traditional injection molding, and the Reyn-

olds time-averaged motion equation is:
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where the last item is Reynolds stress.

To deal with Reynolds stress and make the equations close, based

on the Boussinesq eddy viscosity assumption, the relationship

between Reynolds stress and average velocity gradient is:
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where lt denotes turbulent viscosity, and j denotes turbulent

kinetic energy.

Simulated by standard k–e two-equation turbulence model, the

turbulent viscosity equation is:

lt ¼ qCl
j2

e
(4)

where Cl denotes empirical constant, and e denotes dissipation rate.

j and e are two basic unknown variables in the standard model,

and the delivery equation solving j and e is:
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where C1e and C2e denote empirical constants, and Gj denotes

the production term of turbulent kinetic energy which is caused

by the average velocity gradient.

The heat exchange between the water and melt is considered in

the process of injection, and the energy equation is:
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Where E denotes fluid total energy, p denotes melt pressure, keff
denotes effective thermal conductivity coefficient, and ðsijÞeff
denotes deviatory stress tensor.

The elastic behavior of melt is ignored, and the constitutive

equation is:

ðsijÞeff ¼ gðp;T ; c: Þ c: (8)

Water cools the inside of the melt directly, and the melt temper-

ature in WAIM is lower than that of the other molding. There-

fore, Cross-WLF viscosity model is used in simulations. It is a

seven-parameter modified model, which can be characterized as

the viscosity of the low temperature melt and is closer to the

real viscosity of WAIM. The expression of WLF is:

gðc: ;T ; pÞ ¼ g0ðT ; pÞ
1þ ðg0 c

:
=s�Þ1�n (9)

g0ðT ; pÞ ¼ D1 exp � A1ðT � T�Þ
A2 þ ðT � T�Þ

� �
(10)

T�ðPÞ ¼ D2 þ D3p (11)

A2 ¼ �A2 þ D3p (12)

where g0ðT ; pÞ denotes zero shear viscosity; s� denotes material

constant, which describes shear stress level transited from New-

ton viscosity to power-law viscosity; n denotes non-Newtonian

index; D1, D2, D3, A1, and �A2 are all material constants.

To make a comparison of the water penetration behavior and

residual wall thickness of simulations and literatures,12–17 poly-

propylene (PP) is taken as a study resin in this article. Cross-

WLF viscosity model parameters of PP are shown in Table I,

which are obtained form MOLDFLOW material library.

The actual filling in WAIM is a composite flow that combines

the free surface flow with discrete flow of mixtures, in which
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the free surface flow dominates. As it is impossible to simulate

both the flow processes simultaneously, the free interface of the

water/melt two-phase is tracked by VOF method. The continu-

ity equation to solve the multiphase volume fraction is:

@ai
@t

þ ui
@ai
@xi

¼ 0 (13)

Where ai denotes the volume fraction of the ith phase, which

ranges between 0 and 1, and the sum of all phases’ volume frac-

tion is equal to 1. ai takes the value of 1 in cells which contains

only the i phase, the value 0 which is void of the i phase, and a

value between 0 and 1 which is referred as the i phase front.

Molded Parts and Boundary Conditions

The molded tubes with dimensional transitions and curved sec-

tions are shown in Figure 1. Figure 1(a) is the one with a uni-

form diameter of 10 mm throughout the entire tube, which is

used to investigate the residual wall thickness at the long

straight sections and curved sections; Figure 1(b) is used for the

upstream expansion and downstream contraction; Figure 1(c) is

used for the upstream contraction and downstream expansion;

Figure 1(d) is used for the dimensional transition with fillet. It

shows that all tubes are cylindrical water channel with round

cross-section. The tubes aren’t axisymmetric on the whole, while

it is partly axisymmetric at the long straight sections and

dimensional transitions.

To solve the mathematical model, boundary conditions must be

specified, which are specified as follows.

Inlet boundary condition of the water injection pressure is

specified at the inlet, and the inlet temperature is assumed to be

uniform and equal to the water injection temperature, that’s:

p ¼ pin; T ¼ Twater (14)

Pressure is specified at the outlet, and the outlet pressure is

atmospheric pressure, that’s:

p ¼ pout ¼ 0 (15)

The wall meets no-slip boundary condition, and the method of

heat exchange is fixed temperature boundary condition, that’s:

U ¼ 0; q ¼ hf ðTw � Tf Þ (16)

where U denotes velocity vector, hf denotes heat transfer coeffi-

cient of the melt, Tw denotes surface temperature of the wall,

and Tf denotes melt temperature.

The no-slip condition is applied at the solid-melt interface:

U ¼ 0 (17)

At core of interface, the boundary condition is:

u ¼ v ¼ 0 (18)

Moreover, Dirichlet boundary condition7 is applied at the

water–melt interface:

T ¼ Twater (19)

Testing Process

The molding methods of simulations are short shot, which

mean first the mold cavity is partly filled with melt, and then

the high-pressure water is injected, finally the water push the

melt to fill the cavity fully. The molding material is PP, and the

values of processing parameters in simulations are shown in

Table II.

Considering the round cross-section of the tubes and time con-

sumption synthetically, two-dimensional simulation models are

Table I. The Parameters of Cross-WLF Viscosity Model

n s* (Pa) D1 (Pa s�1) D2 (k) D3 (k/Pa) A1 �A2 kð Þ

0.2569 37655.4 1.2875eþ16 263.15 0 37.033 51.6

Figure 1. Molded parts with dimensional transitions and curved sections.
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built. The calculation domain is discretized with paved mesh of

quadrilaterals of 12,840, 16,710, 15,790, and 9368 elements for

the four tubes, respectively. Furthermore, the continuity equa-

tion, motion equation and energy equation are treated by

means of finite volume method, and simultaneously solved by

coupling solution.

The solver is 1st-order implicit unsteady formulation. To

improve accuracy, the pressure–velocity coupling method

adopted is ‘‘PISO.’’ In the discretization item settings, the vol-

ume fraction is ‘‘QUICK,’’ the pressure discrete item is

‘‘PRESTO!,’’ and the other items are ‘‘First-Order Upwind.’’ For

convergence and smoothness of solutions, the under-relaxation

factors are all set to 0.3. Besides, unsteady time program is

used, with fixed time step size of 10�3 s. Computing time per

run is 2.4 h on a double processor celeron(R) Duo T3300.

RESULTS AND DISCUSSION

Residual Wall Thickness at Long Straight Sections

Figure 2 is the distribution of residual wall thickness at the long

straight sections, which shows that it is uneven nearby the water

injection inlet. This is because the water injection velocity is

large at the inlet and it’s easy to produce turbulent vortex,

which results in destabilizing fluctuations at the initial stage of

injection molding. At about 1 time cavity diameter away from

the inlet, the water begins to penetrate and hollow out the melt

at a constant speed. Water penetration remains stable, and the

residual wall thickness is uniform. Wu and Liu12,13 investigated

the flow visualization of cavity-filling process in WAIM by

experiments, which showed that the penetration of water was

quite steady and uniform during the whole filling process, and

the water bubble kept almost the same diameter. The water

penetration behaviors of simulations are in accord with experi-

mental results.

To demonstrate the size of the molded parts’ residual wall thick-

ness comprehensively, hollowed core ratio Uh is introduced as a

measure index. Uh is defined as:

Uh ¼
Sw

Sp
� 100% (20)

where Sw denotes water bubble area, and Sp denotes cross-sec-

tion area of parts.

Except that the residual wall thickness of the inlet is great, the

other sections are thin and uniform, and the hollowed core ra-

tio is from 54 to 61% with the different processing parameters.

Liu and Lin14 studied the residual wall thickness of variable

cross-section tubes with the high pressure and flow rate water

pin, and the hollowed core ratio obtained changed from 52 to

64%. The simulation result is close to experimental data.

Besides, Olley et al.15 found by simulations and experiments

that the hollowed core ratio of parts was from 30 to 56% in

GAIM. Compared with that of GAIM, the hollowed core ratio

of WAIM is much bigger, so the thinner parts can be made in

WAIM. The reason is that the water is incompressible, the vis-

cosity is relatively large, and the rapid cooling of water forms a

high viscosity film at the water/melt interface. The film has a

larger displacement potential, so that more melt moves along

the flow direction, and less melt moves along the wall.

In terms of the effects of processing parameters on the residual

wall thickness of the long straight sections, Figure 3 in general

shows that the hollowed core ratio increases with the water

pressure increasing. This is due to the fact that increasing the

water pressure helps the water squeeze the mold wall stronger.

It can be seen form Figure 4 that the hollowed core ratio

increases as the melt temperature increases. This is because

increasing the melt temperature decreases the viscosity of the

Table II. The Processing Parameters in the Simulations

Water pressure (MPa) Delay time (s) Melt temp. (K) Mold temp. (K) Water temp. (K) Short shot size (%)

6.5 0.5 468 323 313 62

7.5 1 488

8.5 1.5 508

9.5 2 528

Bold values are as standard.

Figure 2. Residual wall thickness at long straight sections.

Figure 3. Effect of water pressure on the hollowed core ratios of long

straight sections.

ARTICLE

4 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38394 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


melt, which makes more water penetrate to the mold wall direc-

tion. As shown in Figure 5, increasing the delay time leads to

the increase of the cooling time and the solidified layer of the

melt, and the corresponding decrease in the hollowed core ratio.

To sum up, in simulations the effect of the water pressure on

the hollowed core ratio agrees well with literatures.7,14 Besides,

the effects of the melt temperature and delay time are also in

good agreement with literatures.4,14

Residual Wall Thickness at Expansion Transitions

When the water penetrates from the thin area to the thick area,

water bubble becomes larger quickly and moves toward the

mold wall because of the sudden changes of flow resistance. As

the bubble is large enough, it maintains stable and continues to

push the melt to flow forward evenly. In the thick area, the ve-

locity of the water and melt is significantly reduced.

Figure 6 shows the distribution of residual wall thickness at

upstream expansion transition, where is filled with melt before

water penetrates. There is melt accumulation in the corner after

water injection, and the boundary of residual wall thickness

doesn’t resemble the geometry of the mold cavity wall. Rather, a

45-degree edge appears. Figure 7 shows the distribution of re-

sidual wall thickness at downstream expansion transition, where

isn’t filled with melt before water penetrates. The distribution of

residual wall thickness after water injection resembles that of

upstream expansion transition. Yang and Chou16 and Liu and

Hsieh17 investigated the distribution of residual wall thickness

at upstream and downstream expansion transitions by experi-

ments. The simulation results accord with that of experiments

at the upstream expansion transitions. However, at the down-

stream expansion transitions, the experimental results showed

that there was little melt accumulation, the residual wall thick-

ness was uniform, and the boundary of the residual wall

resembled the tube geometry. This can be explained as follows.

In simulations, the assumptions are that the mold cavity is full

of polymer melt at the initial state which has no velocity char-

acteristics, the melt temperature and viscosity distribution are

uniform, and the melt injection process does not affect water

penetration. Nevertheless, in experiments there is adequate heat

transfer for the melt of the water penetration end, and the

impacts of the melt injection process can not be ignored.

The water penetration appears ‘‘water fingering’’ phenomenon

at the expansion transitions, because of the rapid change of the

cross-section dimension. Fingering is that water bubbles pene-

trate outside designed water channels, enter into the thin area

of parts, and form finger-shape branches. The defects seriously

affect the performance of parts. To avoid fingering, the structure

and dimension of the expansion transitions must be improved.

Adding fillet mentioned later is a good way.

The residual wall thickness of the thick area also changes, due

to the variation of tubes dimension. Through dimensionless cal-

culation, Kamisli18 got the analytical expression of residual wall

thickness d:

Figure 4. Effect of melt temperature on the hollowed core ratios of long

straight sections.

Figure 5. Effect of delay time on the hollowed core ratios of long straight

sections.

Figure 6. Residual wall thickness at upstream expansion transitions.

Figure 7. Residual wall thickness at downstream expansion transitions.
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d ¼ R � b � C2=3
A (21)

where b and CA are defined as follows:

b ¼ ½2Aðaþ 2Þ2=3a�3a=ðaþ2Þ
(22)

CA ¼ gub=r (23)

where a ¼ 1/n, A depending on a denotes the coefficient of fit-

ting curve, ub denotes velocity of the water, and r denotes sur-

face tension.

The residual wall thickness of the thick area becomes bigger,

and the hollowed core ratio is 50% which is smaller than 60%

of the thin area with the standard processing parameters. It is

because that the flow velocity of the melt of the thick area

declines, and the weak shearing makes viscosity increase. The

impact of viscosity increasing exceeds that of water velocity

declining, so that CA in eq. (23) increases, and d in eq. (21)

also increases.

Furthermore, the rheology of melt significantly affects residual

wall thickness, in which there are at least three factors. The first

factor is the viscosity of melt. Larger melt viscosity imposes

huge resistance for the water flow and makes the water penetra-

tion difficult, thus the residual wall thickness will become big-

ger. The second factor is the non-Newtonian index of melt. Pos-

linski et al.19 studied non-Newtonian fluid by experiments and

finite element methods and found that the lower non-Newto-

nian index of melt would get smaller residual wall thickness.

Another factor is the shrinkage of melt. During post-filling,

high pressure water is injected to compensate the volumetric

shrinkage due to the solidifying of melt. The more the melt

shrinks, the more the water will penetrate into the melt, or

rather, the smaller the residual wall thickness will be.

Residual Wall Thickness at Contraction Transitions

When the water penetrates from the thick area to the thin area,

water bubble becomes smaller gradually. As the bubble is small

enough, it maintains stable. There has no fingering phenom-

enon at the contraction transitions which appears at the expan-

sion transitions. It shows that when the water penetrates from

the thick area to the thin area, there is no need to take meas-

ures to prevent water fingering phenomenon.

Figure 8 shows the distribution of residual wall thickness at

upstream contraction transition, where is filled with melt before

water penetrates. The boundary of residual wall thickness is

smooth, and it doesn’t resemble the geometry of the mold cavity

wall. Figure 9 shows the distribution of residual wall thickness at

downstream contraction transition, where is not filled with melt

before water penetrates. The boundary of residual wall thickness

is also smooth after water injection. The contraction transitions

make the water change in penetration direction and result in

convergent streamlines. So, the residual wall thickness at contrac-

tion transitions always resembles streamlines, no matter whether

it is filled with melt or not when water penetration occurs. Addi-

tionally, a comparison of the residual wall thickness of the con-

traction and expansion transitions displays that the melt accumu-

lation length at the contraction transitions is always greater than

that at the expansion transitions. In sum, the model calculation

shows good agreement with the experimental results.17

Residual Wall Thickness at Transition with Fillet

As the water always penetrates along the direction of the least

resistance, it is easy to bring water fingering at the expansion

transitions. To avoid fingering, the sharp corners of parts must

be removed. Liu and Lin20,21 investigated the factors affecting

the formation of fingering, and put forward the measures to

reduce the fingering. Learning from these measures, it can be

concluded that adding fillet at the expansion transitions will

improve fingering effectively. Figure 10 shows the distribution

of residual wall thickness at the expansion transition with 45-

degree fillet. The water bubble becomes big gradually along the

mold boundary, and it continues to penetrate forward after a

certain size. The boundary of residual wall thickness is similar

to the geometry of the mold cavity wall, and the uniformity of

residual wall thickness distribution is greatly improved. The

other angle fillets also work well, but it isn’t as effective as 45-

degree fillet. The shape of the fillet should resemble the inner

boundary of the original residual wall at the transition without

a fillet for best uniformity.16,17

Residual Wall Thickness at Curved Sections

From the above study, we know the distribution of residual wall

thickness at the long straight and variable cross-section water

Figure 8. Residual wall thickness at upstream contraction transitions.
Figure 9. Residual wall thickness at downstream contraction transitions.

Figure 10. Residual wall thickness with 45� fillet.
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channel is axial-symmetrical. Whereas, the residual wall thickness

of the inner wall is always thinner than that of the outer wall, and

the distribution of residual wall thickness is uneven, as shown in

Figure 11. This can be due to the fact that two phenomena occur

when the water penetrates into the curved sections: one is the mo-

mentum effect. The pressure differences are the same between the

water tips and melt tips at all radiuses on condition that the dis-

tances decrease with the decrease of the radius. Accordingly, the

diving force which is in direct proportion to the pressure differ-

ence divided by the distance increases with the decrease of the ra-

dius, and the water tends to seek the path of the inner wall. The

other is the nonuniform mold wall temperature. At the curved

sections, the melt near the inner wall will be a higher temperature

due to less steel, which brings a smaller viscosity of the melt near

the inner wall. Therefore, the residual wall thickness of the outer

wall is greater than that of the inner wall.

The difference of residual wall thickness D is introduced to

reflect the distribution uniformity of residual wall thickness of

the outer and the inner wall. D is defined as the minus of wall

thickness divides the average wall thickness between the outer

wall and the inner wall:

D ¼ 2ðdo � diÞ=ðdo þ diÞ (24)

where do denotes the outer wall thickness, and di denotes the

inner wall thickness of parts.

Figure 12 shows the difference of residual wall thickness at five

different angles by simulations and experiments,17 and the

results of simulations are consistent with that of experiments.

At the 0 degree where is the start point of the curved section,

the difference of residual wall thickness is very small, nearly

approaching zero. In addition, it changes from 8 to 17% at the

other curved angles, and the fluctuations are little. However, in

GAIM17 the fluctuations of the residual wall thickness difference

are great, in which the smallest is 7% and the maximum is

52%. Compared with that of GAIM, the difference of residual

wall thickness in WAIM is much smaller, so WAIM can get

parts with more uniform wall thickness.

CONCLUSIONS

The residual wall thickness of tubes with dimensional transi-

tions and curved sections were simulated by CFD method. In

general, the results of simulations corresponded with that of

experiments, which verified that CFD was excellent in handling

the problems of residual wall thickness in WAIM.

At the long straight sections, water penetration remained stable;

the distribution of residual wall thickness was uniform. The hol-

lowed core ratio of WAIM was bigger than that of GAIM.

Meanwhile, the hollowed core ratio increased with the increases

of the water pressure and melt temperature, while it was oppo-

site for the delay time.

There was melt accumulation at the dimensional transitions,

and the length of melt accumulation at the contraction transi-

tions was always greater than that of the expansion transitions.

Besides, it was easy to occur water fingering at the expansion

transitions, while there was no fingering at the contraction tran-

sitions. Adding fillet at the dimensional transitions could

improve the uniformity of the residual wall thickness distribu-

tion, and effectively reduce water fingering.

Furthermore, the residual wall thickness of the outer wall was

always greater than that of the inner wall at the curved sections,

and the wall thickness difference was inevitable. Compared with

that of GAIM, the difference of residual wall thickness in

WAIM was smaller, and the parts with more uniform wall thick-

ness could be got.
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