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Abstract Foam reaction injection molding (FRIM) is a widely used process for manufacturing polyurethane foam with
complex shapes. The modified theoretical model for polyurethane foam forming reaction during FRIM process was
established in our previous work. In this study, using the modified model, parametric study for FRIM process was
performed in order to optimize experimental conditions of FRIM process such as initial temperature of mold, thickness of
mold, and injection amount of polymerizing mixture. In addition, we applied the modified model to real application of
refrigerator cabinet to determine optimal manufacturing conditions for polyurethane FRIM process.
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1. Introduction

Polyurethane foam is a cost-effective, lightweight
material with low thermal and electrical conductivities,
and therefore it is widely adopted in various applica-
tions such as thermal insulators and shock absorbers.
Foam reaction injection molding (FRIM) is generally
used for the production of polyurethane foams to fabri-
cate complex parts of machineries [1-3]. Thermal con-
ductivity, elastic modulus, strength, and density are
the most important material properties of polyurethane
foam for real applications. During FRIM process, poly-
urethane foams are fabricated via chemical reactions of
various chemical compounds. Crude chemicals in the
reservoir are sent into the mixing head with high pres-
sure and speed. Then the mixed chemicals are injected
into a mold where polymerization occurs. Microbub-
bles are generated and grown by saturation reaction
during polymerization: chemical or physical foam
agents are normally for the micro bubbles generation.
FRIM process involves various physical phenomena
including chemical reaction, mass transfer, thermal
transport, mechanical mixing, microbubble nucleation
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and growth.

In our previous work, FRIM for polyurethane was
numerically studied with the considerations of chemical
reactions, heat transfer, mold filling, and foaming phe-
nomena associated with crude chemicals and mixed lig-
uids. The numerical formulations for FRIM process were
developed based on the previously proposed model by
Baser and Khakhar [4, 5] to predict density and tem-
perature of polyurethane foam during the FRIM. Along
with our previous work, we applied the developed model
to determine optimal experimental conditions, such as
initial temperature of mold, thickness of mold, and
injection amount of polymerizing mixture, for FRIM
process of polyurethane foam. Also, we used the devel-
oped model to predict polyurethane foam forming reac-
tion in the real processes of manufacturing refrigerator
cabinet.

2. Theoritical Model and Numerical Method

Theoretical model and numerical method which used
in this work can be found in our previous work, “Numer-
ical Analysis on Foam Reaction Injection Molding of
Polyurethane, Part A: Considering Re-condensation of
Physical Foam Agent”.
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3. Results and Discussion

3.1. Parametric study: Optimize experimental conditions
for FRIM

In order to optimize experimental conditions for poly-
urethane foam forming, a variety of experimental param-
eters, such as initial temperature of mold, initial injection
amount of polymerizing mixture, and thickness of mold,
were tested using the developed numerical methods.
Fig. 1 represents density of foams fabricated at differ-
ent initial temperature of mold. It is shown in Fig. 1 that
density difference between surface and core parts of
foam can be minimized by increasing initial mold tem-
perature. The density difference was calculated as 10
kg/m’, 7kg/m’, and 3 kg/m’ for the foams fabricated by
using molds with initial temperatures of 35°C, 40°C, and
45°C, respectively. Thus, high initial mold temperature,
however below the ignition temperature of foam, is
favorable in order to achieve homogenous density distri-
bution in the final foam. Moreover, as shown in Fig. 2, it
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Fig. 1. Calculated density of polyurethane foam fabricated at
different initial temperature of mold.

was observed that overall density of foam was increased
as increases the initial injection amount of mixture,
however it does not significantly affect distribution of
density in final foam. It was also confirmed that by com-
paring computational results with experimental results,
the modified numerical method can well predict density
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Fig. 2. Density of polyurethane foam formed with different initial injection amount of polymerizing mixture. Left and right figures
are experimental and computational results, respectively.
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Fig. 3. Density of polyurethane foam fabricated at the molds with different thickness. Left and right figures are experimental and
computational results, respectively.
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of foams formed with different amount of injection.
Lastly, density variation of foams as a function of thick-
ness of mold was investigated (Fig. 3). There was no
significant difference in density of foams prepared by
molds with different thickness, implying that thickness
of mold has a negligible effect on density of foam.

3.2. Real application of the modified numerical methods

The developed numerical method is used for real
application of refrigerator cabinet in order to determine
optimal manufacturing conditions. Two different geome-
tries of cabinet (i.e., face up and down) with different
configurations of nozzle heads were tested as shown in
Fig. 4. For the case of ‘face up’, one nozzle head is
placed at the bottom of cabinet, while four different noz-
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Fig. 4. Two different geometries (‘face up’ and ‘face down’) of
refrigerator cabinet for FRIM process.

zle heads are used for the case of ‘face down’. Fig. 5
represents the simulation results of temperature, density,
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Fig. 5. Temperature, density, and polyol distributions of refrigerator cabinet during FRIM process with ‘face up’ geometry.
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and polyol distributions for the case of ‘face up’. As can
be seen in Fig. 5, initial filling was started from the
back side of cabinet. Initial temperature was lower near
at the nozzle head possibly due to the injecting mixture
with low temperature. After the reaction passes about
18 s, the back side of cabinet was almost completely
filled with polyurethane foams, and it starts to fill upper
parts of the cabinet. Most of cabinet (up to 99 %) was
filled with polyurethane foams after the reaction occurred
about 26 s. The final filling region is marked with red
dotted line in Fig. 5, which is determined at top-front

part of the cabinet. Density and polyol distributions are
also illustrated in Fig. 5. Lower density and lower con-
centration of polyol were predicted at the side parts of
cabinet compared to the back part, which might be at-
tributed to higher temperature at the side parts than the
back part. Density distribution was almost similar to
polyol distribution in this case.

Fig. 6 shows temperature, density, and polyol distribu-
tions of the cabinet for the case of ‘face down’ as poly-
urethane foam forming reaction proceeds. In this case,
polymerizing mixture was injected through four differ-
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ent nozzle heads as shown in Fig. 4. Initially, the places
near nozzle heads were firstly filled with foams where
the temperature was lower than the places far from the
nozzle heads. The most of side parts were filled with
foams after reaction proceeded about 18s. At this
moment, temperature was still lower at places near the
nozzle heads. Side parts were completely filled with
foams and then the back side of the cabinet was par-
tially filled when the reaction continued for 24 s. It took
about 27 s to fill almost all parts of the cabinet (up to
99 %). The final filling region was located at bottom left
part of the cabinet as marked in Fig. 6. Density distribu-
tion indicated that the cabinet has the lowest density at
the bottom part, while the side and back parts have high
density. As identical to the case of ‘face up’, polyol dis-
tribution was almost equal to density distribution in
‘face down’ case. However, density and polyol distribu-
tions in the cabinet were much more homogeneous for
the ‘face up’ case compared to ‘face down’. Also, over-
all density was higher for the ‘face down’ case. There-
fore, it can be concluded that ‘face down’ geometry
using four different nozzle heads are favored to manu-
facture the refrigerator cabinet with high density of poly-
urethane foams and homogeneous density distribution.

4. Conclusion

Experimental parameters for polyurethane foam form-
ing, such as initial temperature of mold, initial injection
amount of polymerizing mixture, and thickness of mold,
were optimized by using simulations based on the devel-
oped model. Based on the parametric study, higher ini-
tial temperature of mold and larger amount of initial
injection are favorable to achieve homogeneous density

distribution and higher density of the foam, respectively,
while thickness of mold has no significant effect on
density of the foam. In addition, the developed model
was applied to real application of refrigerator cabinet for
investigating polyurethane foam forming during FRIM
process. The results indicated that ‘face down’ geometry
using four different nozzles is necessary to manufacture
refrigerator cabinet with higher density and homoge-
neous density distribution.

Acknowledgements

This research was supported by the Ministry of Trade,
Industry and Energy (MOTIE), Korea, through “Upgrad-
ing the Engineering Industry Promotion” grant (No.
N0000819).

References

[1] C. Kim and J.R. Youn, “Environmentally friendly pro-
cessing of polyurethane foam for thermal insulation”,
Polym. Plast. Technol. Eng. 39 (2000) 163.

[2] M.S. Koo, K. Chung and J.R. Youn, “Reaction injec-
tion molding of polyurethane foam for improved ther-
mal insulation”, Polym. Eng. Sci. 41 (2001) 1177.

[3] WH. Lee, S.\W. Lee, TJ. Kang, K. Chung and J.R.
Youn, “Processing of polyurethane/polystyrene hybrid
foam and numerical simulation”, Fiber. Polym. 3 (2002)
159.

[4] S.A. Baser and D.V. Khakhar, “Modeling of the dynam-
ics of R-11 blown polyurethane foam formation”,
Polym. Eng. Sci. 34 (1994) 632.

[5] S.A. Baser and D.V. Khakhar, “Modeling of the dynam-
ics of water and R-11 blown polyurethane foam forma-
tion”, Polym. Eng. Sci. 34 (1994) 642.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


