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Heat Transfer Modeling in Multi-Layer
Cookware using Finite Element Method

Mohamma Reza Sedighi, Behne Nilforooshar Dardash

Abstract—The high temperature degree and
Temperature Distribution (TD) on surface of cookevauhich contact
with food are effective factors for improving cookre application.
Additionally, the ability of pan material in retamg the heat and non-
reactivity with foods are other significant propest It is difficult for
single material to meet a wide variety of demanashsas superior
thermal and chemical properties. Multi-Layer PI&#_P) makes
more regular TD. In this study the main objectiges to find the best
structure (single or multi-layer) and materialspt@mvide maximum
temperature degree and uniform TD up side surfapai. And also
heat retaining of used metals with goal of imprgvithe thermal
guality of pan to economize the energy. To achigige aim were
employed Finite Element Method (FEM) for analyzit@nsient
thermal behavior of applied materials. The analys&s been
extended for different metals, we achieved the lestperature
profile and heat retaining in Copper/ Stainles&SW#_P.

Keywords—Cookware, Energy optimization, Heat retaining,

Laminated plate, Temperature distribution

I. INTRODUCTION

constructed of conductive metal in bottom layectsuas

uniformrcopper and aluminum that are great conductor of hed

non-reactive metal therefore safe to use with awgfproduct
in upside of pan which is exposed to food [6].

In the other hand cast iron has a large heat cgpasi
compared with the other materials. When the cookask
requires the ability to maintain consistent and ngmount
of heat, cast iron is desirable. Even after youaenyour cast
iron from the heat source, the heavy metal of peepk the
food warm. Also It is easy to use and care for wialege of
cooking. These attributes make it such a good cao&\].
We used Grey Cast Iron (GCI) because it has grélagemal
properties [8], [9].GCl's high thermal conductivignd are
often exploited to make cast iron cookware.

Reference [10] has optimized thickness and matefighe
bottom layer containing different alloys of aluminuor
copper. It showed that the optimum thickness isné&n) for
copper and 6—7 (mm) for aluminum. As demonstratefl 2]
for the stainless steel and titanium in secondr|aye TD are
almost equivalently.

In this paper, at first we represented advantagesaig

E can meet the wide variety of demands such asisupe MLP to provide the more uniform TD than single laygy
mechanical and thermal properties by using muldomparison of the Cu and Cu/SSt pan. We used fayki

materials together[1], [2]. Choosing of multi-laystructure
and materials of layers can be effective on imprgviD and
heat storing. It can optimize the energy consumptidhe

pan by bonding highly conductivity and non-reactinaterials
consist of Al/Cr-Ni, Al/SSt, Cu/Cr-Ni, Cu/SSt andCG as
single layer pan. We found the best metals in teatimned

energy obtains mainly from burning gas and elegtric metals to provide the maximum temperature degree

resistivity. The heat is not uniformly spread otlee pan in
both methods. Using MLP causes regular TD on tpenthile
bottom heated irregularly [3], [4], [11].

Kitchens are one of the places where deals \ilis
phenomenon daily in cookware application. This tead to
two considerations: thermal diffusivity and reaittivThermal
diffusivity determines how fast the pan will hegt. We do
not have to concern ourselves with the thermal gntigs of
materials only, but we need to make sure that tatenals we
use in our cookware do not harm us or adversebctdfthe
taste of our food [24]. For this reason, in additio the high
thermal diffusivity, we would also like non-reaaiwmaterials.
copper and aluminum have high thermal diffusivityt bboth
of them reacts readily to foods (copper and alumincan
threat healthy [21], [22]) while some materialseliktainless
steel, the least reactive of all popular materiated in
cookware, also has the low thermal diffusivity. &mbining
the non-reactive surface of some materials suchtaisless
steel with the thermal properties of copper or ahum,
achieves the best results [5]. Consequently, timespauld be
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uniform TD on food preparation surface of pan amlfy
best heat retaining for constructing pan produth wptimum
performance.

an

In this study, we have employed FEM to calculate th

temperature profile all over the pan and we shola@d much
wall of pan affects in heat transfer causes higaiyperature
gradients.

TABLE |
SYMBOLS AND THICKNESSES

Metals Symbols Thicknesses
Copper Cu 8 (mm)
Aluminum Al 6.5 (mm)
Stainless Steel SSt 2 (mm)
Chromium- Cr-Ni 2 (mm)
Nickel
Grey Cast Iron  GCI 10 (mm)
(single layer)

Il. MODELING

A.Boundary Condition and Model geometry

As we want to model irregularly heating we consteal
annular part of the circular surface of bottom gid@, which

illustrated in Fig. 1 aar, by constant temperature about 773
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(K). There is a geometrical symmetry so the systam be
modeled by rectangle plane with length of the @atius and a
thin and long rectangle as wall of pan. Becausethef
symmetry, the temperature gradients at the centrplaie
along the y-axis have zero value. Hence there isaa flux at
the centre of plate along the y-axis. Side of pas ¢onvection
heat transfer with air in ambient temperature. Vdeehtaken
thickness of layers according to TableAk. is 2 (cm). The
ambient temperature and the ffogent of heat transfer have
been assumed as 293 (K) and 17 (W/ (m2.K)), resmdgt In
addition, it is also assumed that the pan is fillgdby water
with boiling temperature, and the d¢fieient of heat transfer
between the pan and the water is 50 (W/ (m2.k)).

2mm
)

M

Cr-Ni/SSt Layer Al/Cu layer

i
Fig. 1, 2D bi-layer model in numerical analysis guditions of
different selected nodes, named T1-T6

B.Meshing

The model was meshed with PIANES55.this elementlman
used as a plane element or as an axis-symmetgetement
with a 2-D thermal conduction capability and it abfe to
modeling the axis-symmetric geometry. The elemest flour
nodes with a single degree of freedom, temperattreach
node. The element is applicable to a 2D, steadysta
transient thermal analysis.

Il FINITE ELEMENT METHOD

In the finite element method, a given computatiat@hain
is subdivided as a collection of a number of firelements,
subdomains of variable size and shape, which
interconnected in a discrete number of nodes. Dheisn of
the partial differential equation is approximated éach
element by a low-order polynomial in such a wayt titds
defied uniquely in terms of the solution at the emdThe
global solution can then be written as series of-toder
piecewise polynomials with the coefficients of eerequal to
the approximate solution at the nodes [13].

With the advent of digital computers, discrete fpeais can
generally be solved readily even if the numberlefments is
very large. As the capacity of all computers isitéin
continuous problems can only be solved exactly
mathematical manipulation. The available matherahti
techniques for exact solutions usually limit thesgibilities to
over-simplified situations [14].

Various discretization methods have been used enptist
for numerical solution of heat conduction problettsnust be
emphasized that — particularly in the case of mewsi heat
transfer problems — the numerical solution mustagtwvbe
validated [13].

Use to solve the transient heat conduction prodsss
governed by:

0 oT 0 oT oT
— (k. —)+— (k. —) = oc(—
ax(xax) ay(yay p(at)

(1)

The finite element method can be applied as:
KT+CT=P
(2)

The p denotes the material densitythe specific heat of
material at constant pressure, and C the dampirigxnud the
thermal system. In the finite element analysis, rlhenerical
integration is carried out throudk time steps. Between two
adjacent time steps, thigh and (j-1)th, we can have the
following approximation:

i=@,2,...,N)

T =(A-A)T, +T
d_T :T—j _Tj -

dt At

(3)
The A is the relaxation parameter. The finite element
equation (2) becomes:

{(1—/])K +%}Ti {

(4)

By solving (4), temperature fields T at differemhé steps
are found [15].

There are many papers, used FEM to calculate therma
buckling of laminated plate subjected to uniform rown-
uniform temperature [16]-[20]. As stated earlier @raployed
finite element analysis of heat transfer to caliuthe TD in
laminated plate which heated non-uniformly.

C i

Ax }'THH:

IV. FINITE ELEMENT ANALYSIS

a"®we analyzed the model by using different materials
transient behavior to reach steady state. In thisype want to
analyze TD and temperature degree on top surfacgaof
After that, in second step we changed the boundamgitions
and again we analyzed transient behavior to regqalilerium
point for analyzing the heat retaining of used inset&Ve
employed finite element method with ANSYS prograndind
both better structure and materials that providesenuniform
TD and heat retaining in the pan production. Theetistep is
determined automatically. The time step size isdased or
decreased during solution, depending on how the emod
pigsponds. It gets shorter for any significant antooh

cdeformation to occur.
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TABLE 1 [8], [23]
DENSITY AND THERMAL PROPERTIES OF METALS

Density K (W/m.K)
Symbol  (kg/n?) C(Jkg.K)
T=200K T=400K T=600K T=800K
Cu 8933 413 393 379 366
356 397 417 433
Al 2700 237 240 231 218
798 949 1033 1146
Cr-Ni 8400 12 14 16 21
420 480 525 545
SSt 8055 15.1 17.3 20 22.8
480 512 559 585
293°K  473°K 573°K 773°K
GClI 7340 55 41 37 31
490 585 675
V.RESULTS

A.TD of single layer in comparison with bi-layer stture

It's obviously when the model reached to steadiesthe
maximum temperature on upside surface of Cu pdrigiser
than Cu/SSt, its771.618 (K) and 769.66 (K) respebtti But
the difference between maximum and minimum tempeesat
on food preparation surface of Cu and Cu/SSt pastéady
state is 32 and 25 degrees respectively. It shahadTD in
Cu/SSt multi-layer pan is more uniform than Cu knigyer
pan. In Fig. 2, 3 are illustrated the differencestween
maximum and minimum temperature during analysisetifh
is observed that this difference for Cu in begignf analysis
is about 80 degrees greater than Cu/SSt and écisedsed to 7
degrees in steady state. Fig. 2, 3 represent that pMovides
more uniform TD upside surface of multi-layer paart single
layer.

450
400
A

350 4
300 ¢
.

250
200
150
100
50
0

e Cu/SSt
a Cu

Tmax-Tmin

660060600600000000000

300 400 500 600
Time(s)

0 700

Fig. 2 Time variation of differences between maximand minimum
temperature on food preparation surface of Cu an&$t pan
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® Cu/SSt
ACu

Tmax-Tmin

80 130 180 230 280 330 380 430 480 530 580 630 680
Time(s)
Fig. 3 Time variation of differences between maximand
minimum temperature on food preparation surfac€wfnd
Cu/SSt pan

B.Results of TD in different materials

We used combinations of metals in bi-layer struetur
consist of Cu/SSt, Cu/Cr-Ni, Al/SSt and Al/Cr-Nit Is
predictable that minimum temperature observed @ eaf
wall. There is highly temperature gradient so presented
high convection heat transfer side of pan. We hhagaegular
and uniform TD in all MLP as compared with singhgér and
between these MLP, Cu/SSt combination has maximum
temperature profile. The minimum temperature inS3i/is
greater than minimum temperature of other comibnatiand
its about451.1 (K) illustrated in Fig. 4.

JOL 4el 7
yer pan at steadyestat

Fig. 4 illustrates uniform TD upside surface of E8f pan
because we used high conductive metal in bottorer |y
transfer heat quickly but in second layer is usededal that
has too low conductivity to transfer heat quickly the heat
has opportunity to spread over first layer whicts hagh
conductive metal. Therefore uniform heat flux frems layer
is transferred to second layer relatively. In aeotord it is
like that we used a heat source which spread thet he
uniformly over the plate.

Different positions of pan at different time aftanalysis
start, reach to steady state so we chose 4nodariauis point
of pan called T1-T4 that illustrated in Fig.1.
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As stated earlier we solved this model with anothe

combination as follow. The minimum temperature dfSSt,
Cu/Cr-Ni, and Al/Cr-Ni after 1500 second reachedsteady
state are 447.266 (K), 431.441(K), and 428.232

respectively. In all them we observed regular TDsonface

which contact with foods while heated irregularigchuse of

using bi-layer plate. Transient thermal behavioalbbi-layer
pans to reach steady state illustrated in Fig. 5-8

You see some differencesnong Fig. 5, 8. The T2 node
combination consists of Al after 30 second is higiean Cu
combination. It is predictable because thicknek&\l is
lower than Cu thickness so the heat flux reacheB2tgoint
sooner.
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Fig. 5 Time variation of temperature in Cu/SSt pan
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Fig. 6 Time variation of temperature in Cu/Cr-Nnhpa

793
743 1
693
643 T
593 ;I
543 I‘
i
443 ‘
393 1’

293
0 100 200 300 400 500
Time(s)

shh hh Ak dok kA kA 1—e—T1

da

coeme-- T2

—-A-T3

Temperature(K)

e T4

600

Fig. 7 Time variation of temperature in Al/Cr-Nimpa
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Fig. 8 Time variation of temperature in Al/SSt pan

We compared transient response of T4node with all
combinations. Temperature variations of T4 node alh
combinations during first 100 seconds are same
approximately. After this time we observedme differences
between bi-layer pan containing SSt and bi-layen pa
including Cr-Ni layer obviously. Insofar as aftéd(bseconds
it is apparent about 17 degree differences betwhem as
shown in Fig. 9.
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Fig. 9 Temperature variation comparison of T4 nindell
combination bi-layer pans
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Fig. 10 Temperature variation of Thermal diffugnitt SSt and Cr-
Ni
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This difference is originated from SSt and Cr-Noperties.
Thermal diffusivity of SSt is greater than Cr-Ni darby
increasing temperature, differences of thermaludiffity of
SSt and Cr-Ni became greater that illustrated g1

Cast iron has played role in cookware.GCl has light
capacity and density so we compared the metals dahat
analyzed earlier with GCI. We have done the abovegsses
for single layer GCI.
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Fig. 11 Time variation of temperature in GCI pan

layer is not uniform as stated earlier clearly,ezsgily in low
conductivity metals such as GCI. By comparison &f T2
, T3 nodes of model in all materials, Fig. 5-8, tlis showed
that which one can provide more uniform TD. As aute
Cu/SSt combination provided most uniform TD andhlesgt
temperature degree on surface which contact withdgo
between studied cases. After it the combinatiomsicb of Al
and finally GCI pan.

C.Results of Heat Retaining

After that the model reached to steady state wagdththe
boundary conditions of pan to analyzing the hetimeng of
the model. Hence we modeled the heated pan tofératie
heat just with air at ambient temperature for aumli The
results of this analysis are illustrated in Fig-113for all used
metals. We compared the T5 node of model with giliad
metals as shown in Fig. 18. It represents the k&aing
differences of studied cases clearly. It shows that pans
consist of Cu can retain the heat better than steeen GCI.
But the cookware containing Al cannot retain thatheell in
compare with Cu and GCIl. The GCI because of thgh hi
specific heat and density and low conduction coigffit have
low thermal response so it has good heat retainftogt see
that temperature of T4 node first increase and thdacrease

In GCI pan, the difference between maximum anbBiecause T4 node has minimum temperature in competed

minimum temperature in steady state is a smalleyuantnthan
another analyzed cases because it is single laykath over

all over the pan so there is a heat flux from highlow
temperature degree. In the other hand conductiefficient

the model has same properties whereas in combisati®of metals is very greater than convection coeffici air.

bottom layer has high conductivity but top layers Haw
thermal properties and it is caused, the differenetwveen
maximum and minimum temperature in MLP became great
In the other hand, the temperature of upside sertfcGCI
pan is lower than other analyzed cases and it isirable in
cooking as cookware application.

TIME= 10
TE.

4 [3

Fig. 12 TD of CI single layer pan at steady state

By comparison transient behavior of GCI and comtims,
we observed after about 90 second is provided tmiftD top
surface of the multi-layer pan relatively whereaSl@annot
provide the uniform or even regular TD during thealgsis
time to reach steady state. Fig. 12 illustrated T2 in single
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Fig. 13 Time variations of temperature for coolthg Cu/SSt pan
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Fig. 14 Time variations of temperature for coolthg Cu/Cr-Ni pan
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Fig. 15 Time variations of temperature for coolthg Al/SSt pan

cookware. First we showed that multi-layer struetprovides
more uniform TD upside surface of pan. By combiningtals
of higher thermal conductivity with metals of lesse
conductivity but higher inertness achieved the besoking
therefore the thermal quality advantage of lamithgikate in
the cookware deduced as reliable results. As casebe from
results, the Cu/SSt in MLP provides highest tempeea
degree and most uniform TD upside surface of pat th
exposed to food in addition it can retain the heatl in
compared with others.

There are some Suggestions for optimizing the ceo&w
From this analysis the result suggests that fired dptimum
thickness of layers and various alloys of apprdpriaetals.

After thickness and material of pan the other admsitions

790 I
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690 K
g 640 .\ —=T3
[0}
‘5 590 \\
B 540 ——T4
: X
2 490
§ 440 AN T
- 390 ’\ \
340 \‘\‘\:\‘\‘\- —x—T6
290 T T : S '\ &
0 500 1000 1500 2000 2500 3000
Time(s)

are the shape and sizes of the pan that causesnomaxheat
transfer to food and provides the desirable TD.

Another suggestion to optimize cookware and cook#g
compared that which type of heat source considtushing
gas or electrical resistivity, will transfer moreneegy to
cookware and improve the heat source to spreadhéae
uniformly. Finally thermal stress and thermal exgan in
MLP should be considered for MLP manufacturing.
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VL.

CONCLUSION

This paper describes the numerical, finite elenmeathod,
analysis of transient thermal behaviors of the Isimgetal and
MLP heated irregularly to improving the thermal beior of
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