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Heat Transfer in Polymers

Heat transfer is:
 key to polymer processing
« still inadequately understood / measured

« Kkey to increasing throughput - process times
dominated by the cooling phase

« significant in affecting product properties, e.g.
warpage, inadequate melting, thermal degradation
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Aims of the work

* To help companies measure and model heat transfer in polymer
processing

« To enable measurement of more accurate data and encourage the use of
improved models for numerical simulation software

« This should lead to:
— Right first time design
— Reduce cycle times / higher productivity (faster processing)
— Energy saving
— Fewer failures in service
— Reduce waste- e.g. reduce warpage and hot spots during processing
Resulting in reduced costs and improved quality




INDUSTRIAL TRIALS
Corus & Zotefoams



Industrial Demonstrations

Aim is to investigate DSC method and demonstrate
practical benefits of heat transfer measurements and
modelling

e Corus

— Thermal conductivity of plastisol coated steel before
and after solidification

« Zotefoams
— Heat transfer during cooling of polyolefin foam




DSC method for thermal
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DSC method for thermal
conductivity

 Essential to use reference specimen of
similar thermal conductivity as specimen
to be measured

» Repeatability 95% confidence levels
up to approximately 25%

« Essential to carry out several repeat
tests to improve on statistical significance
of data

« Not appropriate for testing
molten/liquid samples

(e.g. plastisols) — need constant and
known sample thickness

Determining thermal conductivity by a
differential scanning calorimetry method

Summary

This Measurement Note details a method for determining thermal
conductivity values from heat flow curves measured by a differential
scanning calorimeter (DSC). The results suggest a degree of promise
for the DSC technique. Tests are straightforward to perform using a
standard DSC instrument and samples with different thermal
resistances can be readily compared. Reasonable values have been
obtained for solid bulk samples but the results for coatings were less
accurate. Further development of the testing and analysis methods is
required to improve accuracy and reliability.

The results obtained were sensitive to the test parameters. If these are
tightly controlled then, with the correct selection of a reference
material, thermal conductivities for materials can be obtained, which
are comparable with literature values, However, the selection of the
reference material requires prior knowledge of the sample’s thermal
conductivity: the thermal conductivity of the reference specimen
should be similar to that of the test specimen,

The work was carried out as part of the “Measurements for
Processability and Performance of Materials™ (MPP) programme
funded by the National Measurement System Directorate of the UK
Department of Trade and Industry.
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Thermal issues in foams




Heating & cooling of foam
block
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Thermal measurements
in foams

Summary:
— quantified uneven cooling of foam sheet

— resulting in demonstrated variation in shrinkage with
position

— causing waviness of sheets

— modelling activity in support of experimental activity




Thermal conductivity
measurements
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Line source probe apparatus
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Thermal conductivity

Amorphous polystyrene (PS) under pressure
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Thermal conductivity

Thermal Conductivity, W/mK
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Semi-crystalline polypropylene (PP) under pressure
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Thermal conductivity:
implications of results

* Increase in pressure gives increase in thermal conductivity and increase in
crystallisation temperature for semi-crystalline polymers

« Thermal conductivity data strongly dependent on both pressure and temperature:
*  50% over range 50°C to 250°C
* 43% over range 200 bar to 1200 bar
Implies single-point thermal conductivity value may be in error by up to 50%

« Important to use pressure and temperature dependent thermal conductivity data for
accurate process modelling — will improve, for example, warpage and hot-spot
prediction

« More accurate data based on industrial processing conditions - improvements in
commercial modelling packages -— possible cost benefits




Paper accepted by
‘Polymer Testing’

The Effect of Pressure on the Thermal
Conductivity of Polymer Melts

A. Dawson, M. Rides and J. Nottay

Department of Engineering and Process Control,
National Physical Laboratory,
Teddington, Middlesex, TW11 OLW, UK

http://www.npl.co.uk/materials/polyprocl/iag
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Thermal Conductivity
Literature Review



Line Source Technique

H. LOBO and C. COHEN 1990
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Line Source Probe
H. LOBO and R. NEWMAN 1990
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Line Source Probe
F. OEHMKE and T. WIEGMANN 1990s
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Nano Flash Method
S. KNAPPE 2000s
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Steady State Hot Plate:
K. EIERMANN 1960s
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Acalorimeter and Bicalorimeter
A BASHIROV et al 1970s
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Lee’s Disc Technique
SOMBATSOMPOP and WOOD 1990s
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Summary of literature review

Apparent trend in thermal conductivity data

for amorphous polymers measured above glass transition temperature
by technique:

Decrease in thermal conductivity Increase in thermal conductivity

Steady state hot plate Line Source Technique

Bicalorimetric and Acalorimetric Nano Flash Method
Methods

Lee’s Disc
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Development of
heat transfer equipment
for measurement of
thermal conductivity and
heat transfer coefficient



Heat transfer apparatus

Side view
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Thermal conductivity of PMMA by HTC
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Thermal conductivity of PMMA:
HTC c.f. line source data
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Thermal conductivity of PMMA:
HTC c.f. line source data
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Thermal conductivity:
summary

Measurements of thermal conductivity of polymers by two
different method, yielding reasonable values.

However, need to:
* improve measurement procedures

 address signal noise and improve data analysis
procedures

o further validate instruments through intercomparison
measurements, and against other methods

NPLE




Standards for
Thermal Properties
Measurement of Plastics



Differential scanning
calorimetry standards

ISO TC61 SC5 WG8 Thermal Properties

ISO 11357 Plastics - Differential scanning calorimetry (DSC)

¢ ISO 11357-1: 1997 Part 1: General principles (being revised)
& ISO 11357-2: 1999 Part 2: Determination of glass transition temperature

¢ [SO 11357-3: 1999 Part 3: Determination of temperature and enthalpy of melting
and crystallization

& ISO 11357-4: 2005 Part 4: Determination of specific heat capacity

¢ ISO 11357-5: 1999 Part 5: Determination of characteristic reaction-curve
temperatures and times, enthalpy of reaction and degree of conversion

¢ |ISO 11357-6: 2002 Part 6: Determination of oxidation induction time

ISO 11357-7: 2002 Part 7: Determination of crystallization kinetics

N PLE




Plastics thermal conductivity
standards

ISO TC61 SC5 WG8 Thermal Properties

ISO 22007 Plastics —
Determination of thermal conductivity and thermal diffusivity

ISO/NWIP 22007-1 Part 1: General principles

ISO/CD 22007-2 Part 2: Transient plane source hot-disc method
(Gustafsson method)

ISO/CD 22007-3 Part 3: Temperature wave analysis method

ISO/CD 22007-4 Part 4; Laser flash method




Plastics thermal conductivity
standards

Proposal to develop
Line Source Method for Thermal Conductivity
as part of ISO 22007 series

Method currently standardized as:
. ASTM D 5930-01, Test Method for Thermal Conductivity of Plastics by Means of
a Transient Line-Source Technique

However this does not make provision for:
. effect of applying pressure to minimize measurement scatter, and
. effect of pressure on thermal conductivity

ISO TC61 SC5 WG8 Thermal Properties.




Plastics thermal conductivity
standards - intercomparison

Proposed intercomparison of thermal conductivity methods
(in part, to address differences in literature data)

To be carried out, in support of standardisation activity,
Including at least:

Transient plane source hot-disc method (Gustafsson)
Temperature wave analysis method

Laser flash method

Line source probe

LR 2R 2R 2

To be led by NPL.

Your input of materials, participating in intercomparison, ...




Heat Transfer Activities



Heat transfer

Effect of air gap on thermal
resistance modelled and quantified:

air gap equivalent to polymer of 10 x
thickness

Measurement of heat transfer properties
for polymer processing

SUMMARY

Polymer processing s fundamentally a heat transfer — moss transfer
process, with heat being indtinlly sdded to and finally removed from
the polymer, Heat fransfer 1 a4 key 1o [nefcasing  throughpul
particularly ax dug Lo the low theemal conductivity of pelymers, the
ceoling phase ofien dominaies the eyvele tme, Furthermore, o betier
undersianding o' heat trapsfee, cesuliing in improved  predictive
eopability, con lewd o reductions in serap rotes due to the elimination
of hot spots and excessive temperature gradients that lead o marerials
Mgl'lhllllli'rﬂ il high iiteinal slicaies Chlsimg wiapags and shiiikage
ol the product.

A new Insirument has recently
boen  developed ol NPL o
measure  heat transfer across
interfaces and ean, for example,
simulme  the  mouold-palymer
interfiee during  injection
moulding. The Insteinent  can
also be used o determine the
thermal conduciivity of
polymers, The Instrument (rlght)
is  described  and  results on
thermal  cenductivity and  the
eifeet of an alr gap on heat =
transler are presented.

M. Rides, C. Allen and A, Duwson

Decembwer 2045

DEPC-MN-033

Surtace
ginaering
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Heat transfer project H1
2005-08

H1: Measurement methods for heat transfer
properties data for application to polymers

Objectives:

« Development of the method for the measurement of heat transfer
properties across surfaces (particular interest has been expressed in
the effect of the solid/air interface)

* Industrial case study to demonstrate the value of reliable heat
transfer data

» Support development of standards for measurement of thermal
properties of plastics, including an intercomparison of thermal
conductivity methods that are being proposed for standardisation

 Assessment of uncertainties in heat transfer data and effect on
modelling predictions

« Development of a new user-friendly web-enabled modelling
facility, to facilitate industrial adoption of the above

NPLE




Heat transfer H1

Energy reduction, efficient design, in-situ monitoring

Prediction of flow / numerical simulation —
what problems, data (& method) voids

Heat transfer coefficient l
Thermal|condyctivity Case study:
v Cinpres / EGM (external gas
Case study: moulding)
Fillers, nanofillers, Air gap between polymer & top plate
dispersion v (simulating shrinkage and
Case study: sink marks) and compare with
v Mould terial numerical modelling predictions
Case study: ould materiais EGM, GAIM, WAIM,
Micro-mouldin and finishes
J (RAPRA)

Your input to steer the project



The next 12 months

* Investigate discrepancies in data in literature

* Initiate NWIP for standard for line source method
 Initiate thermal conductivity intercomparison

« Carry out industrial case study/studies

« Disseminate thermal conductivity and heat transfer
coefficient measurement work
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