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ISSARAPORN AMORNSAWATWATTANA : ANALY SIS OF FOOD
TEMPERATURE IN VARIOUS TY PE OF MICROWAVE OVEN BY 3-D
FINITE ELEMENT METHOD. THESISADVISOR : ASST. PROF. PADEJ

PAO-LA-OR, Ph.D., 136 PP.

MICROWAVE OVEN/WAVEGUIDE/ELECTRIC FIELD/TEMPERATURE/

3-D FINITE ELEMENT METHOD

This thesis proposed mathematical model of electric field and temperature in
microwave oven. The model shown in second-order partia differential equation. The
simulation applied 3-D finite element method, which develops in programming of
MATLAB, and can be shown the result of electric field that affect temperature in
microwave oven. Finite Element Method is one among popular numerical methods
that is able to handle partial differential equation in various forms. At present, the
finite element method has been widely applied in most engineering fields. Even for
problems of electric field and temperature distribution, the finite element method is
able to estimate solution of Maxwell’s equations which appeared in temperature
model of microwave oven. To solve this time-dependent system, a step-by-step
numerica integration of the backward difference algorithm is applied. This thesis
utilizes the advantages of the 3-D finite element method for handling the heat
caculation in microwave oven. Microwave oven which work at 2,450 MHz of
frequency. In microwave oven has waveguide that called “Magnetron”. The
magnetron will be blown wave spread around in microwave oven. Molecule of foods

have got the microwave will be vibrated into heat. This thesis will be divided the



analysis of microwave condition to rotating and non-rotating for compared the
distribution of temperature in food, and the analysis of number of waveguide affect to

steady-state temperature.
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E,= —kxdydzﬂ - kydxdzﬂ - kzdxdyﬂ (3.24)
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Ui 3.14 matsznamelunuuFadunudadumdgng sdnd
nL(xl, yl,zi)za +bx, +aoy, +1 7,
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me(xaiys,zs):a + bX3 + Oy, +1 Z,

”L(X4ay4,24)=a +bX4 +oy, +1 Z,
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m.(x,y,z)=u,N, +u,N, +u,N, +u,N,

= A A o o a a 4
¥ Na1ilo n= 12 3 uaz 4 Ao Wensumsdszanuneludaguua

1
N, =—(a, +b d
n &/(an+ nX+Cny+ nZ)
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Taoi a,= X%, (Y22~ ¥32) + X, (YaZo - ¥220) + X% (Y3Z4 - YaZs)

3,= X, (Y32, - Y1Z3) + X, (Y12, - ¥4 Z) + X (YaZs - ¥5Z,)
=% (V12 - ¥,2) + X, (YaZ - Y1Z)) + X%, (Y2Z, - ¥aZ))
3, = %(Y2Z, - Y12,) + X%, (Y123 - Y22) + X (Y52, - ¥,Z,)

b=Y,(Z-2)+Y,(Z-2)+Y,(2-2)
b,=Vy,(z-2)+Y,(2-2,)+ Y,(2,-2)
b,=v,(2,-2)+V,(2-2)+Y,(%-2)
b,=y,(2,-2)*+V,(Z,-2,)*¥,(%-Z)

C=X(Z,-Z)+ %(Z,-2,)+ x,(Z,- 2,)
C,=X,(z-2)+x(z-2,)+x(z-7)
C,=%(z-2)+x(2-2,)+x(z,-2)
C,=%(2,-2)+X,(Z,-2,)*+ (% - 2,)
A= X, (Y5~ Vo) ¥ X% (V5 - V) + X (Y, - Vs)
dy =%, (Y - V) + X (Vs - V) + X (Y, - Vi)
dy= X, (Y, - Y+ 56 (Y, - Vo) + % (Y, - Y,)
d, =% (Yo - ¥o) + X (Yo = Ya) + X, (Y5 - Vi)
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1 Xl yl Zl
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o —def - 2 Y2 2 (3.42)
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1 X4 y4 Z4
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Aa A 4 o a 9 4
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Kiu Kp Kig Kul,

(3.43)
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Kll K12 K13 Kln ul fl

K21 K22 K23 K2n u2 f2

K31 K32 K33 K3n u3 — f3 (3 44)
_Knl Kn2 Kn3 v Knn_sys(nxn) _un_sys(nxl) L fn_sys(nxl)
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ﬁllﬂTﬁLLllﬂ“]fnﬁE‘]L‘ﬂ1!ﬁ'llﬂ15Vlllﬁﬂ\‘]ﬂ'J”IllfT‘JJWH‘ﬁi%ﬁ'JNfTu”I?JLIV\IﬁTLm%ﬁuﬁJLLllLWaﬂ
Aa 1 1 waaa o w A ' A 3 = v o Jou
nuMsudsmauna UAAUTUUANUANNAIAYIININITNAUINTNTINANNTUNUTNIUN
A
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1 Y
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v o & o P ~ =&
ANUFUIUTUDI E ag H 910aunsueauunsias launsn 4.1) uag (42) #9910
[ [~ 1 1 a Y o o ]
aumsszdunaiuin E uaz H luldusndaszeananiu i11d laena ldudqrliawnsoud

9y <K 9 A a a [} <3 9 A 1 dy
aunsld 39ldamnunieizeimenganssuvesauiman Iihdreaunisndenini
an A o Y dy' d?} A Yya o & o a
Mz ldaumstievunaonsnereiunen E uaz H 1oa5z00n91n0u Faauiiuns

% ad £ Y o A 2 @ YA
Vlﬂiﬂﬂﬂ'ﬁ ATATUNITUUILAIUIDNAUNITHUINUNY ﬂ\ulﬁﬂ\illﬂﬂﬂ

VxE = —mﬁ 4.3)
ot

o a ad qs;l 9 = 9
AUUUNTIATANITDIVNUDITUNIT ﬁ]\‘lulﬂ

VxVxE:—m%(VxH) 4.4)

uny VxH mnaunmsn 4.2) adluaumsi 4.4) a2'1daunan 4.5)

2
vxvsz—mg—‘:—eszE .5)

v Jdo v

[} 4 g o a { 1 ad
TasoNanyalveIINNDIADMIAUTUMIOYNUTOUADADI IUNTANMIAUATAVO

32 #9 VXV XE = V(V-E)— V?E Tagh V.E = £ 10 V-D = r,) aaiudela
e

2
VZE—ema—Ez ma—‘]+lVrV (4.6)
ot ot e

i a [l <3 o { 1 o . .
dWeninsanawinusiman I ludanarad 1y 11 (nonconducting media) &
1 1 1 [} 3 a9 ) a A 1 1 d!
s =0 (e81uFUINAIY) uazdIna1aiu luTAUs1IANTo11HA 9918 (sourceless)  H4
) ' v - 2 v
r, =0 meldSoulumaifieg1d J =0 aumsvewundnadnnaunsi 4.1) uag (4.2) 39

Taaums 4.7)

0°E
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a

422  woudieesnendinmanive Qg

U

=

A aa A Y Y 1 2 Y !
1NUNN 3 TIQB;]‘WLﬂEJ’JGU’ENllﬂﬂﬂ”l’lﬂ\Wli]HQ"Uﬂ\iﬂ’ﬂiJiﬂu Tﬂflﬂ"liﬂ"lflﬁ/]ﬂ?]”lll
1 o a 4 @ a o o
%’ammﬁmﬂgiugﬂmamuumammaﬂmmmammmmiﬂizmammmqmwgu qa1nsy

o a 4 a aa 1
LL‘]J‘]Jﬁ]"Ia’ENTINﬂﬂmﬁ”Iﬁ@]iﬂlﬂﬂ@ﬂlﬂﬂhiullﬂﬂ 3 Tavzuaasaumsi (4.8)

o oT o oT o oT oT
——+k——+k———+Q=rc— (4.8)
OX 0X oy oy 0z 0z ot
e T Ao qmwgﬁ (Temperature)

Kk Ao Mauszansmsrhnuieu (Thermal conductivity)

C A Aanwudeusume (Specific heat)

r Ao AMUHUILUUNIA (Mass density)

A o a Yy A a yy .
Q Ao aa51dSaanuiouinan latoq (Internal heat generation)

1 v d v W & 1
Tagaumsvzilsngeglugdaumsoyiiusdessuaudes Feilymimsaiomany

y A ) 5 \ . < a
Foutiuuuuaduluanueying (Linear transient heat transfer problem) 1luilayn1an

=

2 A ' 4 4 o g
sUnuunilslasgungingaaeazilasuuaslmunadduaouvesnsmuaivainsn
o 4 1 o o aa A = A ]
Mlalae hisndruimin guuginuldsuuaslloniauwgunintoulvveouwa 15u
F4 v 9

TrnaadSinaanudeuiuiimaulasuutlasll duswesllywusuiilunwswmsudilym
A aa 1 = [ o Y ) lc?/‘ 3 A A

omgarginname dugaunadnsvesilyrinielaaniussingtiu Anlseuaiouns

U

Y A Y] 4 A aall 9 ] =S [ d?’
u,ﬂfﬂmummamwaaWﬁmmqqumm“‘i]tymuumﬁﬂﬂﬁmuzagmummﬂﬁzﬂE)fUﬂusuu
9

Yo P O 1= o & ¥ o v o
ﬂ\iuucluﬂ'lﬁllﬂﬂmuﬁ'lﬂ’lﬂalﬂﬁﬂ’lugGlf’:lﬂz ‘1]\1%’]Lﬂuﬁ@\‘iﬂ1ﬂ15llﬂizﬂu/ﬁuﬂ'lii’:lllﬁa’]fl"]ﬂi\i

A Y Y ~ ua; = [ 1 Y (Y]
LL“VIL!‘Wﬂ3GI’E'J\1!Lﬂ'ﬁ$‘1J°]J’ﬁllfni3'JiJLWENﬂ'i\‘]LﬂEJ'JﬂQL“Iﬁ/!ﬂq}lﬁWﬂTﬂiﬂﬁﬂWHgﬂgﬂ?

a d a

) Y = = d
43 asmnamnnliihagsziiauds vl unsaamuauuy 3 N6
an Ia A o ax o Aa o ag & A Yo a A
35 I lunsadwudiluidsnsmunansidnavisvian ldsuamilonann 114910
] a o < 1 o 1 o o 1
fhagtiuneuiuaeitinnusiguasimizeanuivmalng fildawnsasiwisauaie
a Ja A o [ < g o
#2073 1l Tundadwud lddeuazsras 13y msanmnaauy Wi luen Ty Tasndiany

o Y =2 A o & T A Ay 0 as Ja a 4 9 Yo v o =YY
SHUHEDU imm’mJilmJuafmﬂmmmnﬁll%l”lmn’oaamu@uﬂﬂummﬂﬂiym muu%ﬂﬂ
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duusaesmandiamnaasvesaun I e luTasn vazilsygnads Tl luisadwud

ol lumsdnamau Idhil (@iuan vines, 2555)
N2E- emP~E=0 (4.9)

{ roog ..
Taon  p Ao a;mwesudy 1dn19uman (Permeability)
e fv anmeaune i (permittivity)

E fo au' Wi (Electric field)

! § Il 3 o o J
Tagh m=mmuaz e=eye, 1o mao anmsuFuldnianimanduiniuaz

e, Ao anmoauna Iihduing &3 m =4p x107 H/m uay e, = 8.854x1072 F/m

nngaauiavesszuuiaunsonasglnnTamunarluifulawunud  (Time-

harmonic) #81agu luen luTasnulaz 14

oE .

= L iwE 4.10
o jw (4.10)
2

a—ZE:—sz @.11)
ot

N2E+w2me E=0 (4.12)

Tagh W Ao AT

17 05/1 ! o a J [
AITUINANNITN 4.12) %QLIG?]}LL']J‘LI%"Ia@QVI”Ixiﬂil!@]ﬁ”lﬁ@]iﬂ”liﬂi%ﬁnﬂﬁﬂsllﬂ\i

auwlihveaum luTasnidmsuilywwny 3 18 naaslddeaumsi 4.13)

i(1§)+i(l§)+ﬁ(iﬁ)+a,v2520 (4.13)
OX Mox™ oy moy 0z moz
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43.1  M300NUULDARNUAVRINUNANTN
[ =1 ax da A d A Q' ] 1 [
WanmMsveszdonds W luisadmud Ae Tuvinmsuieglsevesilym
I di’ ~ [ A A " Aa a 4 ~ @ [ a a 4
ponluiunvareqdiunisenoaawua lasinisnsedanazusineluunazoaduug u

Aa a d [ 9 Y o 9 £ a a 1 csy dgl LY =
ﬁmmaamLm@19TENﬂmmmmﬂu"lﬂuamma PNDAAULUUAN N U ICVUDYNUAITUASIDYA

a a U

Y 1
youaazNuNAsINsjlsanvaz Indifssivesesauauunmle Fadiosauuy 3

o1y lugildnyazaesgins @i (tetrahedral) §Ms59Mn¥M (hexahedron) 3Unsauila

a < % g a a 4 y
Wi (prisms) 130 3UNseNTTA (pyramids) 014 FeluntlazlFBadwudginssdnd

4
=1

) & 1 o 1] ' 1 09: v
(tetrahedral) tiios91miluginsadiisauTuansogasouaeiosfiqa oniaginsednin
Y | 4 { J 1< ] 1 {
awnsndsznounulailluginssdouqinanu1diiuedied Taesmamaslaslszuaid
) v A o Qsj =\ 1 o dgl [ o Aa A & A 9
vz muinesnuiuIziaNuiuiITuediuYWIA wazsuudadmudn 141y
9
o J o
msuddayrniu @ Tund wvzdrln, 2542)
A [ dy A Y 3| Aa A ¢ & d'dy Ja A 4
Fuannmsuianundesvesilymesniludadmud aluniezlovanamua

A Y a o [ o o 1
gﬂmm‘wm (tetrahedral) TAsEUNATNHULNITNTLIIVVDINAANT LAsUTLUIY B AIHUS

9
IS o =Y

a9 vusadmud HunnnFadudanifeizdutiumaniiuiden TasedeTilsunsy

du3031 Solid works taz | dnadwioonudagud 4.1
Tumsoonuuuindianuf19lums s1aeanamau lWihveam lulasid

Froms 1955 I hisisadnud waseunquivansnuaveam lulasm Fuaasdaeqld 4.1

aS

£ I " Aa A d Y A Y { 1 a
9910301 un1suavanuuAnl18gUnNII@NUIAAAD (tetrahedron) aaoAllTn1ATIA
TuTasmdndnuidreTsunsun1sa319n3aU0 4 Solidworks TagNNDIIAAY 1 41U 22
o 1 1 ) a a 4 a A d 1 o 4
Uszneudieiuiugade 4,325 9Aa0 agswauDaaug 22,387 dadaua diunerinau 3

A 121l32neUAIBTINIUAAD 6,044 9AAD LAY IUIUDARIUA 31,533 DaaUA
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sz lulasoyl
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v S ;
ot 1an Aoveay
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andhiidats il “enfanlulnso

Uszqualadasi “
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T A A o 1 o 4
V) MILUIDAAUUAVINDUIAAY 1 A1 LA 3 A
d' 1T a A 4 [ Aan
51U 4.1 mantsdaamuduazadevoun luTasnwuuy 3 §a
d v d
432  Wanvumsiszanameludaamuauuy 3 3R
3 dyd A J v a a t4
Tuaeutitlunisaenglunuvesilangunisszinaneludaqmuanyy 3
an A a o a A d I a Y =
19 TaoeauuAanyaUENIINIZIeVDINARAUU N UAL ULUIIFUAY  TUnTAIvDa

auy T luTasnnag 18
E(x,y,2) = E1N1+ E2N2 + E3N3+ E4N4 (4.14)

{ ey A a s A v
Iﬂﬂﬁ Nn ﬁﬂﬂdﬂ%uﬂ1iﬂi$mmﬂ181u®aamum Lﬁ@ n=12,34LuUn Ex ﬁ'ﬁ]ﬂaaW‘ﬁﬂlﬂQ

1 1 1 a a s =& AAa A 4 A Y A
aaum Il lundazgede 12 3 uag 4 vosvadwua salunsdidadmud;insednihaga

@iﬂ*ﬂ%llg{
N. =— +b x+ +d 4.15)

A a A Y 1 a a ¢ X 9 = IS 4
V. fe ‘]_I‘iiJWliﬂlﬂﬁgﬂﬂiﬂﬁﬂuﬁlﬂﬂllﬂﬁZﬂaﬁmu% cmm"lﬂmﬂﬂmaimmumm



Ly v 7
V_ll XN Yo 7

6L x5 Y3 Z

1 X0 Y4 4
Taodi

& = X, (Y22 = YsZo) + Xa(¥4Zy = ¥22,) + %o (VaZy = VaZs)
a, = X, (Va2 = ¥125) + X3(¥12, = ¥aZ) + % (Va2 — ¥aZ4)
& = X, (V12 = ¥o2) + X (Va2 = ¥42) + %, (Y22, = ¥aZ,)
8, = X (Y,2 = ¥12,) + %, (V125 = ¥32) + X, (Y32, = ¥,Z5)

b =Y,(z-2)+ Y:(2, - 2,) + ¥,(2, - Z,)
b, =Y,(z,-2)+ (- 2,) + Ys(2, - 2)
b, =Y,(z-2)+Y,(z2-2)+ ¥(z,- 2,)
b, =VY:(z, - 2,) + Y1(2, - Z) + V,(2,— 2)

¢ =X,(2,— ) + X%(Z, - 2,) + %,(2, - 2,)
C, =%,(2,— 2) + X%(2, - 2,) + %(2, - 2,)
C;=X%,(2,-2)+x(2 - 2,)+%(2,- 7)
Cy=%(2,— 2) + %,(2— 2) + %,(2,— 2,)

d; =X, (Vs = o) + X (Y2 = Vi) + X, (Ya = ¥s)
d, = X, (Y1 = ¥a) + %(Ys = Ya) + X (Y — Y1)
ds =X, (Yo = Y1) + X (Y1 — ¥a) + X (Vs = ¥2)
d, =X (Y1 = Vo) + X (Vo — Ya) + X, (Y5 — Vi)

45

(4.16)
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Y a _a d
4.3.3  MMIAINNAUNIVDIDAANUA

a A 4 [y a
MIFI1ITUNITOADNUS (clement formulation) 1A aBAARDITUAUNITIFA

]
[ I3

o Jdo A £ qu’ csyd 1S 3 A o aa Ja a 4
UNUTAITUNIIN (4.13) mmumuuamnﬂumumuwﬁmm)mgmm’;ﬁ‘lwllumaamm
a 4

1 A A d' Y q‘/ a A o o [ d' a
aglunsaloaawuasUnsed@niin iﬂllﬂﬂ%?llﬂﬂlﬂﬂﬁuﬂiiﬂ]ﬂﬂﬂaaLNH@ﬁWWiUﬂﬂJWWW]Lﬂﬂ

u U 9

9
=1

NAANVAALY A1Tanand ldaal (Huebner, Dewhirst, Smith, and Byrom, 2001)
[K+M]{E} =0 (4.17)

4 a Ia a s A a Y] 4
Uszgndszidionds Il luidadwudonszuuaumaFadu Taserdonmsiszgna

an 1 g’ o FY . =& [y = | amAa ~ 9 ¥
A5NMININIMTNABANAI (Residual) B9 Tuilagiiudelnthisnieungalunmslszgnals

Y] 1 Qddyoj o Y 1 as Ia . d!

ﬂ‘UﬂﬂJoﬁWIN‘] L!ﬁgﬁﬁl‘!ﬂQﬁWNWiﬂ%WLLuﬂ@fJﬂulﬂllﬂﬂﬂ WU ITUDINUADIAU (Galerkin) 3
a A A d? Qddy a 9 = = 1 Y a o 1

WNTNTNNATUINITHYnAuazIANNaNIas  Yenelvnadse Tevdoarauinlunis

Y
@ a 4 Aa A 4 1 o ]
War TUsunsuneunnes fﬂiﬁ%}Nﬁilfni"’ll’ENf]ﬁﬁllluﬁigljﬂflﬂ1iﬂ'3\1u']‘ﬁuﬂlﬁ‘]&l@lﬂf’%\iﬁ
[ [ dy A U td' T Y a U LY
nanmsadl Ao Msunuawamas lasdsznaasluaunmsn (4.13) ﬂzllﬂﬂﬂclﬁlﬂﬂﬂﬂﬂ1ﬂ°ﬂ

4 1 J 1w [ {
AUE MINUAZTA WY R UNU ALAAIA0TUNTTN (4.18)

E=R (4.18)
OX moXx oy moy 0z moz

£ ~ 1 Y z ’ [~ 1A A a d? Y
H9 R ITUNIUAYANAIN (Weight Residual) WumranaIaNnaIuINmMy 1¥Hamay

v
S 1 o

d! ] ] ] Y d' a 421 d' di
Tﬂfl‘].]i8111i1!G]N"l,ll1%Nalﬂaﬂlluuﬁiﬂﬂlﬂﬂﬂﬂgﬂ1 IAHANAT R NUNAVUAITUAININGA IWOHA

9 Y
AAad U

A a dgj A A A aw o o Y
mﬁEJTﬂEJTJi%?J”IﬂW]LﬂﬂﬂJHﬁ]%lJﬂWmEJW]ixﬁJ”Iﬂ‘V]f‘Iﬂ Lla3(1‘11!\111!’Jﬁ]EJu'J‘ﬁﬂ”liﬂ’NuTViuﬂLﬁB@]ﬂﬂN

2

9Yq Yax Ia . & AaxA o Y
181435 ypanuaes AU (Preston et al., 1988; Kim et al., 1999) #4351 a 111500321114 laens

o Jo 09/ o . . . a a qg;’
ﬂmlﬁyﬁﬂf’glj”lﬂ R g])UEJWQﬂGKHH"I‘Viuﬂ (Weighting function : W) Llé}’lﬂu'ﬂlﬂiﬁ@aﬂﬂ‘ﬂﬂiﬂmu"ﬂﬂﬂ
a a L4 ° { Vv s o
sadwud (V) uazimuarad I8 ldmnugud fude

[yWrRdV =0 (4.19)

o v Aa A 4 A Y ~ 19 1 A =& 9 1 1 09}/ A o QBJ} < 9

mmuaaamuﬂgﬂmmwm i}ﬂﬂhlugﬂnJ 439 G]f\‘illﬂllﬂfﬂqﬂﬂ’é)‘ﬂiﬁ ANUUIINDINIT 4
k4 ~ 191 o = A 9 s

ﬁuﬂ1§1Hﬂ13LLﬂﬁ1ﬂﬂﬂ1M§ﬂ1 uuwmaaﬂuﬁumﬁ‘w (4.19) 03NN n = 1234 Llaziﬂﬂ
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£ A ! o Ia . @ 5 A 1
Un@aziden Wn = N $35en71 10 Tun-nuassau (Bubnov-Galerkin) @iaiiuiounual R
freaumsn 4.18) asluaumsn 4.19) a2 ldaumsn (4.20)

o 1E. & 10E. 0 16E 2
TED) L E) s (= dv=0 _
\I/ H ( ) + ( )+ az( )j + (ew )} (4.20)
o 1E. 0 10E. & 16E
Nel 5+ S Ty ldv+ b Na(ew?E)dv=0
fv ( ( )+ ( )+ 82( )) +[ Np(ew“E) (4.21)

A a ~ o A o o 7 & o s o
NATUINITOUNNTANALWIUUDITUNITN (4.21) ﬁ11’ii‘1JWﬁ]uuﬁﬂ‘ﬁfﬂlﬂuWﬂuﬂHWH‘ﬁ

ya a A = 1 . 9 = o
suauaedlsITNMIdUNINIATiazdIU (integrate by parts) lagazldmaugunveund (Gauss’s
1 k4
theorem) el gUunUAH

[yu(N.V)dv = fru(V.n)d T — [, (Nu.V)dv (4.22)

a a s A Y 4 {
r ﬁ'ﬁ] ﬂlﬂﬂlmﬁmﬂﬂﬂﬁalwuﬁlﬁmﬂgEJ'ULﬁfJ‘]J AUNAULTAVOIFNNITN 4.21) %311?9]}

N.V :a(rlnaE) E(Eaf) E(E%)

10E, 1cE 1 0E
=——1i+———j+——k
mox  moy m oz

A A s & ] A 09)1 @ a a J
UAZIUDNDIN N ABINIDTHUIHUINIRINNVVDVIUAUDIDaaIIUa T
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10E 1 oE 10E
m oX moy m oz

1 0E 1 oE 1 oE
m OX m oy y m 0z

~ ON oN oN
Nu=—";+-Nj "Ny
x o’ @

OX MoX oy moy 0z moz

N oNp 10E 0N, 10E N, 16E
NuV=——+———+

Y] Qal' ~ A = = Y I
ANUUINTUNIIN (4.21) WD n=1,2,3.4 s laiu

10E 10E 10E ONn10E ONn 10E ONp 10E
ern( jdr—J\/( n += 1 + ]

max X may ¥ maz 2 &x mox ' oy mdy ' ez maoz

fvNp (evv2E) dv=0 (4.23)

A s v Y A A &£ g s A Yy o
NATUIWIULT AN WA UK 1IUDUDIFUNITN (4.23) %QLTJHW%L!VILﬂEJTUfNﬂ‘U“UfJUHJ@
a a % o o A o @ . A o ]
VDNDAALUURA TﬂEJ‘mm'i‘]Jﬁzqﬂ@mau'lmmuuammu (Neumann condition) (U® ﬂ11’iuﬂ11’i
oE
on

9y
%

Y
=0 aauddldaums W luvisaamuduaasdail

Np 10E , Np 10E . ONp 10E
jv +

2 —_—
oX mox dy mdy oz maZJdV_J.VNn(e\N E)dV—O (4.24)

OX JgqMOX | Oy g MOy | 0Z |gqMOZ

~Iv[Nn]gq (e 2E) dv=0 (4.25)

Iv[[a'“”} 155{5'\%} 1aE+[5'\'r1} wEJdV
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! v 1 a a 4
HazINaunsi (4.14) '5&"151’@ﬂymzmsﬂszmﬂmmaum"h\l‘17h E Tagdszunanazdaamun

i
E(X,Y,2) =[N]y, 4[El, 4

JUU
OE [oN]
—= [E]
ox | ox g M
oE [ oN]
o | Bl
o Loy 4
0E [oN]
—=|—1 [E]
0z | 0Z )1x4 Rt

wazaums W lunoadmuddenatenuily
ON 1| ON ON 1| oN ON 1/ oN
(LA i g e
ILOX JpqM OX |, | OY P OY Jiq LOZ 1gmLOZ J
ew va[N]4><1dV[E] =0 (4.26)
viawouaums Il lunsaamudd Ui asaamuanUsenoudae 4 aumsaail
[M] 4)(4{ E} 41 +[ K]4><4{ E}4><1 =0 4.27)

n3ng [Klgq

N EHREIE RN

4x1

N dy 4
—=——uay —=— Won=1,2,3, _
= 1,2,3,4 (4.29)
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Y] @ 4 ~ A 9
HNUANVTUWUTUDITANNITN (4.28) asluaumsn (4.29) ﬂgllﬂ

1 ChCm dnd
[K]4X4=I(bnbm+nm+nmjdxdydz nm= 12,34 (4.30)

m\6v ev 6Vevy 6Vev

1
= —— (bbim + CnCm + dndim) [ dxdydz
36mv

= 36m/(bnbm T CCm + dndm)

blbl + Clcl + dldl ble + C1C2 + dld2 blb3 + C103 + d1d3 blb4 + C1C4 + dld4

(K], = 1 bb,+cc,+d,d, bb+cc,+d,d, bb,+cc,+dd,
4 36mV bb +cc +dd, hb,+cgc, +dd,
Sym bb,+cc,+dd,

nnInd (M1 44
nn (M, , = (—ewz)[N]n[N]mdxdydz mm = 12,34 4.31)

H E4
aumsn 431 Hawnsoduulalagldgasisednlszney (Factorial formula) 1un1s

UszmumsduinianasalsnasUnsaduiasaunsi (4.32)

a..b..c..d alblcld!
N, NSN5N ‘dv= oV (4.32)
Ny NNy (a+b+c+d+3)

Mnaunsh 4.32) awnsafinsauendlu 2 nsdl Ao Nn = Nm 1ag Nn % Nm
Tuns@ifl Nn = Nm msiiasangadeh i vesginsedndnelda=2,6=0,c=0,
d = 0 AWUNNANMIN (4.32)
2 210!0!0! uvs
eV

N, dv= =— (4.33)
Ny (2+0+0+0+3)! 20
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Tunsdil No Z Nm  misi1sangaaed i vesginsesdniezlaa=1,6=1,c=0,
d =0 AUNANNIN (4.32)
1 1110!0! \%

1
N, NLdv = 6V =— (4.34)
WNGNG (1+1+040+3)! 20

~ v A A Y 3 Yo a o dy 1 [ o 09.:
NYAABDUC ‘U’EN?J‘]J‘V]i\if"fﬁ1!1ﬂllﬂiUﬂTiW%TimTiuaﬂmel‘!WUﬂu ANUUIINTUNIT

4

A =2 vy a o Y ~ & @ I a o
N (4.31)‘1]\1]‘1@&11/]3'?]‘?5 [M]4X4ﬂ\‘lllﬁﬂ\1ﬂ7]flﬁllﬂ15ﬂ (4.35) H9XAUNAUNRUINNNT DY

=S d?’ "o 1 a a J
[M ]4><4 UMIUBLNUIITIv0IBaAIUA

2 1 1 1]

[|\/|] :ﬂ 12 3 (4.35)
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(Geedipalli, Rakesh, and Datta, 2007)
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a, = X, (Va2 = ¥125) + X3(¥12, = ¥4Z) + % (YaZs = ¥aZ4)
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Abstract—The aim of this study is presentation a mathematical model of electric potentials expressed in terms
of derivatives. To determine a safe distance from electric shock in case of flood, an analysis of distribution
electric potentials, which contribute to an amount of electric current flowing to the human body upon its
contact to water, was carried out throughout the test areas. Various distances, ranging from 0.3 to 10 meters of
220 volt electric sources under water to the human body were studied. A computer simulation using Finite
Element Method was developed through MATLAB’s PDE toolbox for solving two-dimensional problems. The
simulation offers graphic displays of distribution electric potentials for the calculation of the average amount of
electric current flowing to the human body and health effect in case of flooding. In conclusion from this
research was the dangerous of electric chock with in human body it depends on distance from electric source
and level of flooding. Therefore, for the human safety should be away from electrical source more than 3 meter
at 90 centimeters of flooding and more than 4 meters in the water level is 120 centimeters.

Keywords—Electric Current Flowing to Body; Electrical Dangerous in Flooding; Electrical Effect to Human in
Flooding; Electrical Flooding Simulation; Electrical Safety; Finite Element Method.

Abbreviations—Finite Element Method (FEM); Partial Differential Equation (PDE).

I. INTRODUCTION Normally, human body have the resistance of electric
current [National Institute for Occupational Safety and
N the past decade, Thailand has encountered a Health, 2002; Prevention Strategies for Electrical Hazards,
Iconsiderable number of floods. The National Statistics 2008] for example dry skin electric resistance equal to
Office of Thailand reveals that in 2011 sixty-one 100,000 - 600,000 ohms, if human body contact water (wet
provinces were hit by floods with 5.3 million houses under  skin) electric resistance decrease to 1,000 ohms, The severity
water and 17.6 million people impacted. The most seriously of injury from electrical shock depends on the amount of
hit area were |8 provinces in the Central region of the electrical current and the length of time the current passes
country with 1,536,300 houses damaged and 5.2 million  through the body. The effects of electrical current on the
people affected [National Statistical Office, 2011]. On human body as following table 1.
average, the height of the flood was 89 centimeters with the

b A : Table 1: Effects of Electrical Current on the Body [ Prevention
duration of 27 days. Moreover, it was discovered that 26.2 vl

Strategies for Electrical Hazards, 2008)

percent of the affected houses were under flooding for over CRrrent Reaction and Health Effect

60 days; 19% of them were under 120 centimeters of flood 1 milliamp Just a faint tingle,

water. Also, around 8.1% of people in the affected areas 5 milliamps Slight shock felt. Disturbing, but not painful. Strong
faced health problems, and 0.3% of them were killed, mvoluntary movements can cause injuries.
partially due to electric shock. This information, therefore, 625 milliamps | o Lk Muscalar control is lost. Tt may not
inspired the researcher to conduct a study on amount of E;mg(ﬁgn] be possible to “let go.” )

electric cunent. flowing to {he human body upon co_macl to Exiremely paiadil shock, rospirabory amcet

water. The main purpose of the study was to determine safe S0-150 (breathing stops), severe muscle contractions. Flexor
distance from electric shock to avoid electrical hazards in milliamps muscles may cause holding on; extensor muscles
case of flood. may cause intense pushing away. Death is possible.
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Finite Element Method (FEM) is a popular calculation
method for numerical solution of partial differential
equations. With higher speed and larger memory storage of
the computer. FEM can now be performed more easily and
faster. In the present, FEM has been broadly applied to
simulations in almost all ficlds of science; therefore, this
calculation technique was employed to this study.

II. OBJECTIVE OF THIS STUDY

+ To smdy the amount of electric current and human
cffect at Different Distances when Electric Sources
and the Human Body into Water

+ To recommendation a safe distance from an clectric
source to prevent electric current induction to the body
upon its contact to water.

III. MATERIAL AND METHOD

The present research was an experimental study for
simulations of distnbution clectric potentials around flood
arcas, which contribute to electric current induction fo the
human body, at different distances. Moreover, it was intended
to investigate a safe distance from an electric source to
prevent electric shock upon the body’s contact with water.
This study was conducted to the samples of Thai people with
an average height of 170 centimeter [The Result of Thai
Anthropometry). Flood water with the depth of 90 and 120
centimeters respectively. The electric sources with 30
centimeter beight from ground. The voltage used in the study
was 220 volts. The resistance of the human body when wet
was 1,000 ohms and the resistance of the flood water was
1,000 000 ohms.

3.0, Seudy Instruments

Using Finite Element 2 Dimensions this is developed from
PDEtool of MATLAB toolbox and mathematical models of
electric potential shown in terms of Poisson's equation [Chani
& Salon, 2000; Bhatti, 2006] as following.

)i

when U/ is electric potential, & 1s clectric permitivity as £,
where g5 is the coefficient of permittivity of vacuum
(8.854c-12 Ffm) and &, s the relative permittivity that varies
among different dielectrics (1.0 in air, 80.0 in water, and 58.3
in human), and p is electric charge density (assumed is zero)
[Pao-la-or et al_, 2006; 2010].

1.2 Study Methods [Kattan, 2007; Lewis et al, 2004]
1. The flood areas 1o be smdied were located on
MATLAHB's PDE Tool for the simulations with the

following parameters: human body height at 170
centimeters, food water height at 90 and 120
centimeters. The distance of electric plugs from

1S5N: 232]-2381

ground at 30 centimeter. The distance from the electric
source to the human body varied from 30centimeters
to 10 meters as illustrated m the figure 1.

DEpam
Figure 1: The Parameter for this Study
2. Boundary clements of the simulation areas were
assigned with distances of the human body to the

clectric source ranging from 30 centimeters to 10
meters as following figure 2.

0 = 0
Didtnce fxi
Figure 2: Boundary Elements of the Simulation Areas

3 After that, boundary conditions were assigned with the
volage of the electric source being 220 volts and the
ground heing 0 volt.

4. Next, simulations of disinibution voltages around the
testing flood areas were performed for the calculation
of average clecinic current induced to the human body.
The resistance of the human body when wet was set at
1,000 ohms while that of the flood water was at
1,000,000 ohms. Electric hazards to the human body
were recorded at different distances of electric current
induction.

5. A safe distance for operation with electric appliances
in casc of flood was determimed.

IV. RESULTS

The graphics shows the simulation result of electric potential
at the water level 90 centimeters using MATLAB's PDE tool
as illustrated in figure 3. The maximum voltage at the electnic
plug was 220 volis whereas the ground voltage was at 0 volt
constantly; and less distribution electric potentials were
observed at longer distances of the human body to the plug.
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Table 3: The Average of Electric Current from 30 1 100
Centimeters Distances at 90 Centimeters of Water Level

Distance Current
{em.) (mA) Heaction and Health Effect
30 60,90
40 6. 10 Extremely painfil shock, respiratory
0 £4.10 arrest, Death is possible.
6l 47.30
T 4050 Fainful shock, respiratory amest
A0 4,80
W 20.70 Fainful shock, Muscular control is lost
100 2520

Figure 3: The Distribution of Electric Potentials at %0 Centimeters of
Flooding

The results of distnibution of electric potentials at
distances ranging from 1 to 10 meters of the human body to
the electric source and the flooding level at W centimeters.
The calculated for average amount of electric current induced
to the human body effect as shown in table 2.This table
illustrates the average volume of clectric current affecting
human bedy. The experiment has been designed to perform
under a water level at 90 centimeters and distance between 1
and |0 meters. At | meter, human will obtam 2520 mA and
get painful shock as well as loss of muscular control. Human
can slight shock felt at 2 meters. There 1s just a faint tingle at
distance more than 3 meters.

Table 2: The Average of Electric Current from 1 to 10 Maters
Distances ai 90 Cemimeters of Waier Level

Distance

Reaction and Health Effect
(m.)

Corrent (mA)

Painful shoek, Muscular control s
st

250

490 Slight shock fielt

095
020

L0423
C0R3

st a faint tingle

.21

OS5
00041

E-E R - R

In addition, the rescarch interested in the high level of
flooding at 120 centimeters the result as shown in figure 4.
The maximum voltage at the electric plug was 220 volts
whereas the ground voltage was at () volt constantly.

| -
2 L & & 7 & i i L b I

Detsie Ll

[or—y

Figure 4: The Distribution of Electric Potentials at 120 Centimeters
of Flooding

The results of distnbution of clectric potentials at
distances ranging from 1 to 10 meters of the human body to
the electric source and the flooding level at 120 centimeters.
The calculated for average amount of electric current induced
to the human body effect as shown in table 4. At 1 meter,
human will obtain 48.70 mA and human effect was extremely
pamnful shock, respiratory amest, Death is possible. Human
can painful shock, Muscular control is lostat 2 to 3 meters. At
3 meter slightly chock is ocour.

Table 4: The Average of Eleciric Cument from 1 to 10 Meters
Dristances at 120 Centimeters of Water Level

=3

0.00003

However, the researcher studied the nearly distance from
clectmic source and human between (L3 to 100 centimeters,
the result as shown in table 3.This table shows the effect of
human body obtamed clectric cument at water level 90
centimeter and distance 30 — 100 centimeters. Painful shock
and lack of muscular control occurs when human is far away
from source of current between 80 and 100 centimeters. The
most dangerousness can happen if a person is at 30 — 60
centimeter from test arca.

ISSN: 2321.2381

e i 7 | hemddant Reaction and Health Effeet
() (mAj
Extremely painful shock, respiratory
1 487 5 5
arrest, Death is possible
2 278 . "
3 o0 Painfil shock, Muscular control is lost
4 2 Slight shock felt
5 0.603935
2] 0. 16623
: Ex;:ﬁ Just & faint tingle
9 (0034507
10 (000094952
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Mareowver, at 120 centimeters of flooding the distance
less than 1 meter from clectric source human will obtain
extremely painful shock, respiratory arrest, and death is
possible, the result as following table 5.

Table £: The Average of Electric Current from 30 1o 100
Centimeters Distances at 120 Centimeters of Water Level

Distance (cm.) [Current (mA)]  Reaction and Health Effect

59.2
518
488
44.2
304
352
il4
48.7

Exeremely painful shock,
respiratory amrest, Death is possible.

Elgz 2z ste

The compare the average of clectric current at different
level of flooding between 90 and 120 centimeter as shown in
figure 5. At 90 centimeters of water level human will safety
from electric chock if they away more than 3 meters from
electrical source whereas, 120 centimeters will safety if more
than 4 meters.

The Average of Electric Current st Diference Level of

P Flooding
30

E o4

S

o

£ g
o

= < = 40 Cr. of Flooding =—#— 1 20 Cm of Flooding

Figure 5: The Average of Electric Current ar Diffevence Level of
Flooding

V. CONCLUSION

In the case of flooding if human contact 220 volt of clectrical
source in various distances. The result can concluded that the
less distance from electrical source to human is dangerous
than long distance. At 90 centimeters of flooding level, at3
meter the cffect just a faint tingle, 2 meter is slight shock felt,
1 meter is painful shock, muscular control is lost and less
than &0 centimeter is extremely painful shock, respiratory
amest, death is possible. Furthermore, at 120 centimeters of
water level the result shown that, at distance from electric
source bess than 1 meter dead 1s possible while, the distances
more than 4 meters human will safety. In summarized from
this research was the dangerous of electric chock with in
human body it depends on distance from elecinc source and
level of flooding. Thercfore, for the human safety should be
away from electrical source more than 3 meter at S0
centimeters of flooding and more than 4 meters in the water
level is 120 centimeters.
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ABSTRACT

This article presents a mathematical model of electric potentials expressed in
terms of derivatives. To determine a safe distance from electric shock in case of flood,
an analysis of distribution electric potentials, which contribute to an amount of
electric current flowing to the human body upon its contact to water, was carried out
throughout the test areas. Various distances, ranging from 1 meter to 10 meter of 220
volt electric sources under water to the human body were studied. A computer
simulation using Finite Element Method was developed through MATLAB’s PDE
toolbox for solving two-dimensional problems. The simulation offers graphic displays
of distribution electric potentials for the calculation of the average amount of clectric
current flowing to the human body and health effect in case of flooding. From the
result shown that the less distance from electrical source to human is dangerous than
long distance. At more than 3 meter the effect just a faint tingle, 2 meter is slight
shock felt, 1 meter is painful shock, muscular control is lost and less than 60
centimeter is extremely painful shock, respiratory arrest and death is possible.
Therefore, for the human safety should be away from electrical source more than 3
meter.

Keyword: Electrical Safety, Health effect to electrical into water

L. Introduction

In the past decade, Thailand has encountered a considerable number of floods.
The National Statistics Office of Thailand reveals that in 2011 sixty-one provinces
were hit by floods with 5.3 million houses under water and 17.6 million people
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impacted. The most seriously hit area were 18 provinces in the Central region of the
country with 1,536,300 houses damaged and 5.2 million people affected [1]. On
average, the height of the flood was 89 centimeter with the duration of 27 days.
Moreover, it was discovered that 26.2% of the affected houses were under flood for
over 60 days; 19% of them were under 120 cm of flood water. Also, around 8.1% of
people in the affected areas faced health problems, and 0.3% of them were killed,
partially due to electric shock. This information, therefore, inspired the researcher to
conduct a study on amount of electric current flowing to the human body upon contact
to water. The main purpose of the study was to determine safe distance from electric
shock to avoid electrical hazards in case of flood.

Normally human body have the resistance of electric current [2,3] for example
dry skin electric resistance equal to 100,000 — 600,000 ohms, if human body contact
water (wet skin) electric resistance decrease to 1,000 ohms. The severity of injury
from electrical shock depends on the amount of electrical current and the length of
time the current passes through the body. The effects of electrical current on the

human body as following table 1.

Table 1: Effects of Electrical Current on the Body [3]

Current Reaction and Health Effect
1 milliamp Just a faint tingle.
5 milliamps Slight shock felt. Disturbing, but not painful. Most

people can “let go.” However, strong involuntary
MOVEements can cause injuries.

625 milliamps (women) | Painful shock. Muscular control is lost. This is the
9—30 milliamps (men) range where “freezing currents™ start. [t may not be

possible to “let go.”

50-150 milliamps Extremely pamful shock, respiratory arrest (breathing
stops), severe muscle contractions. Flexor muscles
may cause holding on; extensor muscles may cause

intense pushing away. Death is possible.

Finite Element Method (FEM) is a popular calculation method for numerical
solution of partial differential equations. With higher speed and larger memory
storage of the computer, FEM can now be performed more casily and faster. In the
present, FEM has been broadly applied to simulations in almost all fields of science;
therefore, this calculation technique was employed to this study.
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2. Objective of This Study
1. To study the amount of electric current and human effect at Different
Distances when Electric Sources and the Human Body into Water
2. To recommendation a safe distance from an electric source to prevent electric

current induction to the body upon its contact to water.

3. Material and Method

The present research was an experimental study for simulations of distribution
electric potentials around flood areas, which contribute to electric current induction to
the human body, at different distances. Moreover, it was intended to investigate a safe
distance from an electric source to prevent electric shock upon the body’s contact with
water. This study was conducted to the samples of Thai people with an average
height of 170 centimeter [4], flood water with the depth of 90 centimeter, and electric
sources with 30 centimeter height from ground. The voltage used in the study was
220 volts. The resistance of the human body when wet was 1,000 ohms; and the
resistance of the flood water was 1,000,000 chins.

3.1 Study Instruments
Using Finite Element 2 Dimension this is developed from PDEwol of

MATLAB toolbox and mathematical models of electric potential shown in terms of
Poisson's equation [5] as following.

L[ au} r[ au]
Em P = | foam]| =P
acl o) avl ay

when U is electric potential, & is electric permittivity as  £,&, where g is

the coefficient of permittivity of vacuum (8.854¢-12 F/m) and ¢, is the relative
permittivity that varies among different dielectrics (1.0 in air, 80.0 in water, and 58.3
in human), and p 15 electric charge density (assumed is zero)

3.2 Study Methods

1. The flood arcas to be studied were located on MATLAB’s PDETool for the
simulations with the following parameters: human body height at 170 centimeter,
food water height at 90 centimeter, and the distance of electric plugs from ground at
30 centimeter. The distance from the electric source to the human body varied from 1

meter to 10 meter as illustrated in the picturel.
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Picture 1: the parameter for this study
2. Boundary clements of the simulation arcas were assigned with distances of

the human body to the electric source ranging from 1 — 10 m as following picture2.

Picture2: Boundary clements of the simulation areas

3. After that, boundary conditions were assigned with the voltage of the
electric source bemng 220 volts and the ground being 0 volt.

4. Next, simulations of distribution voltages around the testing flood areas
were performed for the calculation of average clectric current induced to the human
body. The resistance of the human body when wet was set at 1,000 ohms while that of
the flood water was at 1,000,000 ohms. Electric hazards to the human body were
recorded at different distances of electric current induction.

5. A safe distance for operation with electric appliances in case of flood was
determined.
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4. Results
The graphics of electric potentials of the simulations using MATLAB’s PDEtool
as illustrated in Picture 3. At 1 meter distance of the human body from the electric
source. According to the graphics, the maximum voltage at the electric plug was 220
volts whereas the ground voltage was at 0 volt constantly; and less distribution
electric potentials were observed at longer distances of the human body to the plug.

Wollag W}

1 " ] E r . (] 4 3 2 1 @

Digtance im

Picture 3 The distribution of electric potentials
The results of distribution of electric potentials at distances ranging from 1 to 10
meter of the human body to the electric source were calculated for average amount of

electric current induced to the human body effect as shown in table 2.

Table 2: The average amount of electric current and human body effect from 1 to

10 meter
Distance (m.) Current (mA) Reaction and Health Effect
1 2520 Painful shock, Muscular control is lost
2 4.90) Slight shock felt
3 0.95
4 0.20
5 0.043
6 0.0093
Just a faint tingle
7 0.0021
8 0.0005
9 0.0001
10 0.00003




However, the rescarcher to study the distances is nearly from electric source and

human from 30 centimeter to 100 centimeter the result as shown in table 3.

Table 3: The average amount of electric current and human body effect from 30

centimeter to 100 centimeter

Distance (cm.) Current (mA) Reaction and Health Effect
30 69.90 ) :
0 60.10 Extremely painful shock, respiratory
50 54.10 arrest, Death 15 possible.
60 47.30
70 40.50 painful shock, respiratory arrest
80 34.80
90 29.70 Painful shock, Muscular control 1s lost
100 25.20

5. Conclusion
In the case of flooding if human contact 220 volt of electrical source in various
distances. The result can concluded that the less distance from electrical source to
human is dangerous than long distance. At more than 3 meter the effect just a faint
tingle, 2 meter is slight shock felt, 1 meter is painful shock, muscular control is lost
and less than 60 centimeter 15 extremely painful shock, respiratory amrest, death is
possible. Therefore, for the human safety should be away from electrical source more

than 3 meter.
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