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Technical Note

date: October 26™, 2005

to: J. Sandberg, J. Tuozzolo

from: Viorel Badea, Steven Bellavia

subject: Thermal Analysis for Arc Flash Resistor and Enclosure
Discussion:

A steady-state thermal analysis was performed for the proposed Arc Flash Resistor and
it's enclosure. Results indicate temperatures in the enclosure in excess of 120 deg
Celsius. Several hand calculations, spreadsheets and ultimately a finite element model
were utilized.

Geometry, Materials and Assumptions:

The 2.5” x 5” x 10” resistor is housed in a metal enclosure approximately 22" tall, x 22”
wide x 19” deep. This enclosure is housed in a larger metal cabinet, approximately 109”
tall, 60" wide and 50” deep. See Figure 1. Natural convection, along with radiation and
conduction were used.
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Figure 1. 3-D Model of Arc Flash Resistor and enclosure
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Calculations:

Hand Calculations:

Hand calculations were performed. These calculations indicate that the maximum enclosure
temperature is between 147 and 217 degrees Celsius. Appendix 1 shows the hand calculations
performed.

FEA Modeling:
A finite element model was then developed to determine a more accurate temperature distribution
at various locations within the structure.

A quasi-3-Dimensional model was built. See Figure 2. The model used planar elements with the
depth option, along with radiation Link elements. This model consisted of a total of 12,468
elements, 12,654 nodes. Appendix 2 lists and describes the elements used and other FEA model
parameters.
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Figure 2. FEA model of electrical cabinet and arc flash resistor and enclosure.
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Loads and Boundary Conditions:

Volumetric heat generation was used to apply a heat load of 435W to the resistor. (2.123x 10°
Watts/m®). The outside of the large cabinet was subjected to a natural convection in 30 deg
Celsius ambient air. Appendix 3 shows the film coefficient calculations used. The inner box and
heater were also subjected to natural convection. Since this was not a Computational Fluid
Dynamics (CFD) model, the convection was lumped into the conduction parameter for the trapped
air. Appendix 4 describes the method used to determine the equivalent conduction. Since the
calculation for the film coefficient depends on the temperature differential of the surface and bulk
fluid temperature, several iterations of the FEA model were required to first obtain the resulting
fluid temperature, re-calculating the film coefficient, then running the model again. This required
two to three iterations, and converged rather quickly.

Results:

A peak temperature of 228 deg C was reached on the surface of the resistor. The enclosure walls
reached 120 deg Celsius. Figure 3 shows the temperatures of the heater, air and metal
enclosure. Figure 4 shows the temperatures for the entire cabinet.
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Figure 3: Temperature of heater, air and metal enclosure.
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Figure 4: Temperatures of entire electrical cabinet

Summary:

Of the 435 Watts given off by the resistor, approximately 150 Watts is removed by radiation to the
nearby enclosure walls. The remaining 285 watts is distributed through natural convection and
conduction of the air trapped within the enclosure and cabinet, and ultimately to the outside
ambient air by conduction through the cabinet walls. This results in a peak temperature of 228
deg Celsius at the resistor surface and 120 degrees Celsius on the metal enclosure walls.

The FEA model can be used to do more studies and test various heating/cooling scenarios.

Please direct any questions or concerns to Viorel Badea, x7104 or Steven Bellavia, x4846.
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Appendix 1: Hand Calculations
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Appendix 1: Hand Calculations (continued)
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Appendix 2: FEA Database Summary

TITLE = Arc Flash Resistor FEA Model
ANALYSIS TYPE = STATIC (STEADY -STATE)

NUMBER OF ELEMENT TYPES = 2
12468 ELEMENTS CURRENTLY SELECTED. MAX ELEMENT NUMBER = 12468
12654 NODES CURRENTLY SELECTED. MAX NODE NUMBER = 12654
28 KEYPOINTS CURRENTLY SELECTED. MAX KEYPOINT NUMBER = 28
36 LINES CURRENTLY SELECTED. MAX LINE NUMBER = 36
12 AREAS CURRENTLY SELECTED. MAX AREA NUMBER = 12
6 COMPONENTS CURRENTLY DEFINED
MAXIMUM LINEAR PROPERTY NUMBER = 10
MAXIMUM REAL CONSTANT SET NUMBER = 6
ACTIVE COORDINATE SYSTEM = 0 (CARTESIAN)
NUMBER OF SPECIFIED SURFACE LOADS = 430
NUMBER OF SPECIFIED ELEM BODY FORCES = 52

PLANESS Element Description

PLAMNESS can be used as aplans element <r as an avsymmetnc mmg element with a 2-1) thermal censduction capabiiy. The slement has faur nedes with a smgle
degres of freedorn, temperabare, ab each nods.

The element 15 appheable to a 2-00, steady-state ar transient thermoal analyzie. The element can slee compensate for mazz rarsport heat fowr from a constant welocty
Beld. IF the mede] contaning the teenperature element iz al2o to be analyeed stuchirally, the element should be replaced by an equivalent stuchral element [such as
PLANEA2Y A similar element with mickide node capability is FLAMETT. A amilar svdsymmetnic element wioch accepts nenasasymmetric koading is PLANE?S

An cpbon exsts that allcas the element to model nodinear steachy-state find Becaw theoigh & porous medim. With this apton the thecmal parameters are interpreted
az analogous fhid flaw parametars. See PLARIESS w the ANSYE foe, Theary Beferenss for enore details abeatt tus elarment

Figore 55.1 PLANESS Geomstry
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PLANESS Input Data

The geometry, node locatons, and the cootdinate sypsteen for thie aleroent are showen i Fipare 55,1 "FLAWESS Geometry”. The element 15 defined by b aoddez
and the oithotrapae matenial properties. Crthatropic matecial direchions correspond to the eleesent coordimate divections. The element coordinate syetem coientation

15 a5 deponbad m Cosedinate Swstems. Spectfic heat andd d=nsibe are ipnared for steady-state sohubers. Properies not nput default as descrbed m Loear Mat=nal
Prepecties.

Element loads ars descabed w Blode and Blement Doads. Convection or heat thee (bt not both) and radianon may be wpet a2 susface keads of the cement faces as
shoam by the creled numbers on Figwe 55,1 "FLAMESS Geosnetry®

Heat gensrahon rates may be wpet as element body loads at the nodes. I the node I heat generatn rate HGT) iz opot, aod all others are wnspeafed, they degaul
o HIG(T)

L age ransport opbien 12 avalable anth EEYCPTYE). Whth thoe cptan the welocties Wi and VI most be gput 89 real constats [in the elecnent coordinate
syrem). Adse, temperatures showld be specfied along the entirs inlet boundary te assare a stable sehbon. With mass ranspect, you showld use specific heat (C) and
deneiy (DENS] matedial properties ihstead «f erhalpyr (EITTH).

The nenlinear poreoz fowr ophon s selecbed sath EEYCOPT(Y) = 1. For thoe aphon, teegeerature s inberpreted as pressure and the abeclube permeakdines of the
eredivm e wpot & materal properties 300 and ETT. Properties DENS end VISC are uzed Eor the mass density and wiscosiy af the find. See the ANSEE Joe
Theory Refarence for a descripbion of the properaes C and MIT, swhich are wsed in calodlatmg the cosficients of permeatiy, with reference te the 2 terms ignored
Temperanare boundary conditions gt with the D commumend are interpreted a3 prossues bovndary condmens, aned hear fow boundary condmans vyt with the
command are interpreted as mass Bowar rats (masatioe)

Thoe eleenett can abe have a Z-depth specified by EETOFT(3) and real constant THE. Ee careful when using the option weih other plopaice, eapecially radiation.
E.adhabion wiew factors wall be based on a wt £ -depth Cenly).




Therma Analysis Arc Flash Resistor Page 8 of 10
Appendix 2: FEA Database Summary (continued)

LINK31 Element Description

LINE 31 is a untaxial element which models the radiation heat flow rate between two points in space. The link has a single degree of freedom, temperature, at each
node. The radiation element is applicable to a 2-D {plane or amisymmetric) or 3-D, steady-state or transient thermal analysis.

An empirical relationship allowing the form factor and area to multiply the temperatures mdependently is also available. The erissivity may be temperature
dependent. If the model contaming the radiation element i3 also to be analyzed structurally, the radiation element should be replaced by an equivalent {or mull)
structural element. See LINK 31 in the ANSTS, e, Theory Referance for tmore detatls about this element.

Figure 31.1 LINE31 Geometry
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LINK31 Input Data

The geometry, node locations, and the coordinate system for this radiation element are shown in Figure 31 1. "LINK 31 Geometry". The element 15 defined by two
nodes, a radiating surface area, a geometric form factor, the emissivity, and the Stefan-Boltzmann constant (SBCY. For amisymmetric problems, the radiation area
should be mput on a full 360° basis.

The ermisstvity may be constant or temperature (absolute) dependent. It is constant, the value 13 mput as a real constant. If it 15 temperature dependent, the values
are input for the material property ERIS and the real constant value iz used only to identify the material property number. In this case the MAT value associated
with element 15 not used. EMIS defaults to 1.0.

The standard radiation function 15 defined as follows:

q=0 FATD - TOY
where:
@ = Stefan-Boltzmann Constant (SBC)
(defauilts to 0119 x 10710 BTUMr*n?* RH
== ErrussIvity
F = geometric form factor

A =area (Length)2
q = heat flow rate (Heat/Time)

The nonlnear temperature equation is solved by a Newton-Raphson tterative zolution based on the form:
[(TO? + TOATD + TOH,TD - T

where the [ ]p termn is evaluated at the temperature of the previous substep. The initial temperature should be near the anticipated solution and should not be zero
{(Le., both TITNIF and TOFFET should not be zero).
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Appendix 3: Film Coefficient Calculations:

. Table 7-2 Simplified equations for free convection from various
. surfaces to air at atmospheric pressure, adapted from Table 7-1

| Laminar, Turbulent,
[ eroce 10* < Gr, Pr, < 10° Gr, Pr, > 10°
' Vertical plane or cylinder h=142(F)" h = 0.95(AT)"
gii;priznntal cylinder h =132 (édf)”“ ho=1.24(AT W3
Horizontal plate:
Heated plate facing upward SO h = 1.43(AT)1a
~ Or cooled plate facing SRt
~ downward
. Heated plate facing down- . AT 15
';ward or cooled plate =061 (ff)
facing upward

where & = heat-transfer coefficient,
Wim?-°C
AT =T, -T,,°C
L = vertical or horizontal dimension, m
d = diameter, m

Calculation of Equivalent Conduction:

Heat transfer coefficient / equivalent conduction

Region dT L a b ¢ h=a x (dT/L")° X Kair Keq mat'l #
K m W/m?-K m W/m-K  W/m-K

heater top 106 0.127 1.32 1 0.25 7.094952092 0.0635 0.02624 0.476769 8
heater sides 111 0.127 142 1 0.25 7.720904112 0.15 0.02624 1.184376 9
heater bottom 128 0.127 0.61 2 0.2 3.674940742 0.43 0.02624 1.606465 10
box top 87 0.483 132 1 0.25 4.835784754 0.335 0.02624 1.646228 5
box sides 31 0483 142 1 0.25 4.01922191 0.483 0.02624 1.967524 6
box bottom 47 0483 061 2 0.2 1.762668138 1.868 0.02624 3.318904 7
cabinet top 44 127 132 1 0.25 3.202478112

cabinet sides 31 127 142 1 0.25 3.156296819

cabinet bottom 28 1.27 061 2 0.2 1.079543018
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Appendix 4: Equivalent Conduction

ENGINEERING ANALYSIS

Page 10 of 10
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