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Nepean, Ontario, K2H 8V4 Canada A numerical and experimental study of conduction heat transfer from low power magnetic
components with gull wing leads was conducted to determine the effects of distributing
M. M. Yovanovich the power loss between the core, the winding and the thermal underfill on the thermal
Fellow ASME, resistance. The numerical study was conducted in the power loss ratio range of
Department of Mechanical Engineering, 0.5=PR<1.0, where the only active power loss was from the winding at=PRIn
University of Waterloo, addition, the effect of the thermal underfill material between the substrate and the lower
Waterloo, Ontario, N2L 3G1 Canada surface of the magnetic package on the thermal performance of the magnetic device was

also examined. For comparison, a test was conducted on a magnetic componentht PR
without thermal underfill. This comparison revealed good agreement between the numeri-
cal and experimental results. Finally, a general model was proposed for conduction heat
transfer from the surface mount power magnetic packages. The agreement between the
model and the experimental results was within 8 perde3it043-7398)0)00704-7

Introduction study will then lead to a conduction heat transfer model for ER
surface mount series. This model can provide a quick way to
need to develop technology for high density surface mountin Yedict the surfacg temperature of t_he ER surface mount series.
This can allow them to design circuits with more flexibility an urthermore, this investigation examines the effect of the thermal
. . nderfill material on the thermal performance of the magnetic
Yevice. This concept of using thermal underfill material to elimi-

power supply to power the qverall system, which will in WMhate the air gap between a device and the printed board has been
power the microprocessor devices cards through several low s d in the electronic packaging. This approach is used to im-

power supplies. This low scale power supply is commonly namegl, e the thermal and thermo-mechanical performance of a par-
as a point of used power supply, PUPS. The PUPS can be plaggfljar device. However, this type of packaging can add unneces-

very close to the microprocessor devices. As a result it has &yy costs to the final product, if the thermal performance is
ceived more attention from the microprocessor developers. The

main function of these PUPS is to provide the microprocessor

with a significant amount of electrical current at a very low output

voltage. It is expected that the next generation of high-speed mi-
croprocessors will require an input voltage of 0.5 V. This lower Core
scale of the output voltage from the PUPS will produce a signifi- Winding — 5
cant impact on the heat losses from the PUPS. Therefore, it is very wires e
important to improve the thermal performance of the PUPS in

order to increase its efficiency and reduce the thermal wake effect Fin Leads

from the PUPS to the neighborhood devices. One of the key fac-

tors of improving the thermal and the electrical performance is the

magnetic components.

One of the commonly used components in the PUPS designs is ER Surfuce mount Magnetic Component
the surface mount power magnetic component with gull wing
leads, which is described in Fig. (the industrial name for this
series is ER surface moyntMore details on this series can be f
found in TDK [1]. Therefore, the magnetic designers have an T.=MIK |
interest in predicting the operating surface temperature of this
series. Through this, the engineers can choose the appropriate [
thermal class of this magnetic series, where the thermal classes A,
B, F, and H have maximum surface temperature specifications of
378 K, 403 K, 423 K, and 453 K respectively, in the first stage of
the design. These thermal classes refer to different types of elec-
trical insulations for the winding wires. Unfortunately, there is a
lack of information concerning the thermal management of mag-
netic components in the literature. Therefore, the main objective
of this study is to investigate the thermal performance of the sur-
face mount power magnetic component with gull wing leads. This

In the present microelectronics industrial revolution, designe
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improved slightly. Therefore, the present study examines the ef- V2T=0 (1)
fect of the thermal underfill material to enhance the thermal per-
formance of the magnetic device.
A finite volume based commercial software Flothef] was
. used. Grid accuracy was verified by doubling the number of the
Numerical Model and Results grids within the numerical domain in all directions. A typical grid
The current study examined the conduction heat transfer framses 31, 24, and 27 cells iy, andz directions. The numerical
ER packages to the substrate. The substrate surface temperaiareain dimensions ix, y, andz were 0.0293 m, 0.0236 m and
under the ER package was assumed constant, which is the Diri6H31 m, respectively. The predicated temperature changed by
let boundary condition. Moreover, the convection and radiaticabout 0.87 percent between the two types of grids. Therefore, the
heat transfer from the ER packaging were neglected in this analypical grid provides sufficient numerical accuracy.
sis. This assumption is valid when the top side of the power sup-The numerical solutions were conducted for ER 14.5 package
ply is bounded with either a plastic cover or an electromagnetigth and without thermal underfill material. The thermal conduc-
shield. This means that the shield or the plastic cover can heity of the thermal underfill material was defined as 0.8 W/m.K.
defined as an adiabatic boundary. Therefore, the effect of the iFhe ambient air and the substrate temperatures were assumed to
ternal convection between the top side of the power supply ahé 343 K and 353 K, respectively. The surrounding air tempera-
the shield or the plastic cover was assumed negligible. The radiare, 343 K, is a typical worst environment temperature scenario
tion heat transfer is also negligible in the case of the electromdg+ these applications. The left, right, and top wallsxin-plane
netic shield and the top surface of the power supply, as well aggre adiabatic boundaries. These boundaries represent the glass
the glass reinforced nylon cover and the top surface of the poweinforced nylon cover on the power supply. However, the left and
supply. the right walls inyz-plane were maintained at the ambient air
Therefore, it was assumed that the heat was transferred by ctamperature of the power supply. This should allow a thermal link
duction from the ER package to the substrate and the surroundirjween the ER package and the surrounding components. In ad-
air. The validity of the present assumptions will be verified bylition, the bottom wall inyz-plane was maintained at a constant
comparing the numerical results with the experimental data. temperature representing the substrate. Figure 1 describes the lo-
Figure 2 shows a schematic diagram of the numerical model @iftion of the magnetic component on the PUPS. It also shows the
the ER package. It also reveals the dimensions of the numerisalstrate temperatur€, , and the local ambient temperatufe, .
model and the boundary conditions. These values are used as boundary conditions in the present com-
The present investigation solved the elliptic partial differentigtonent level analysis. These temperatures can be determined from
equation of the steady-state heat conduction equation in thibe thermal analysis of the power supply’s board. In addition, Fig.
dimensions. 2 reveals the imposed boundary conditions in the schematic dia-
gram of the numerical model.
The effective surface area of the heat dissipation from the core
was defined as the side surface area of the core’s bobbin. How-
===t Gy Ty ever, the effective surface area of the heat dissipation from the
Z L. Z Z . . . . .
T/dz=0 winding was defined as 80 percent of the maximum side area of
the winding’s bobbin, where the winding coil is covering 80 per-
cent of the outer winding’s bobbin diameter. This represents the
typical winding surface area. Table 1 shows the effective surface
area of the heat dissipation from the winding and the core of
the ER surface mount series based on the manufacturers cata-
logues. These surface areas have a manufacturer tolerance of
+10 percent.
In addition, the present investigation examined the effect of
N distributing the power losses between the winding and the core of
" T T L the package. Therefore, winding loss to total power loss, PR, was
. 0.00075 varied between 0.5 to 1.0 where the ER package is working as an
| argap inductor if PR=1, and as a transformer if RRL. Moreover, the
—

dT/dx=0 dTide=0

0.01
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- typical minimum ratio of PR in this type of application is 0.5. This
0.006 means that 50 percent of the power is dissipated from the core and
0.00245 the other 50 percent from the winding.
Finally, the results from the conduction heat transfer model are
expressed in terms of the nondimensional groups of the power

<
<

v

0.0236

3 5 loss, the thermal resistance and the nondimensional temperature.
A dT/dz=0 This should assist in developing an empirical correlation with
these parameters. The next section will define the nondimensional
T.=343K T.=343K

groups of the power loss, thermal resistance and temperature.
|<— 0.015 —>|

0.01 . - T
A ns Table 1 Effective surface area of heat dissipation from wind-
& ing and core of ER surface mount series
v .
Package type Winding* 10° (n?) Coref 10° (n?)

— ER9.5/5 22.40 27.25

substra ER11/3.9 39.45 35.78

ER11/5 41.65 40.87

Fig. 2 Schematic diagram of numerical model of ER package ER14.5/6 63.20 54.60

(all dimensions inm )
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Definitions of Nondimensional Groups
Thermal conductances through the winding and the core are

—"_ windin
Te—To g

R*

core
TS_ Tx

and the total thermal conductances through the magnetic compo-

nent is

P
Ts—T..

In this application, the thermal management strategy is to trans-
fer most of the dissipated power from the ER package to t
substrate by conduction. Therefoflg, should be greater than, ,
except for a very small dissipated power whgg=T... In the
numerical model botfT,, and T, were defined. However, in the
real application onlyT .. is defined. Thereforel .., was chosen as
a reference temperature. Moreover, the relationship between
and T, will be determined empirically in the experimental results
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section. The nondimensional form of the total thermal conduc-
tance can be written as follows

0.8
0.9

oo oo~ o
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(Ts~TkVA

w

Pc

__ Puw [, [Ac
(Ts=TokVAy ¥ A (Tse=TokyVAc YV A

The values oP,y andP. can be obtained from the electromag-
netic calculationmore details are given in Dixdi8]). Moreover,
the ratio of A /A)%%and (Ac/A)%® can be approximated as 0.7,Fig. 4 Relationship between
where @, /A)%% and (Ac/A)%5 are varied between 0.68 and 0.74mal underfil
for ER surface mount series. In addition, both the core and wind-
ing surface areas have a manufacturer tolerance of 10 percent, as
mentioned earlier. Therefore, the total nondimensional thermal
conductanceP*, can be simplified as follows

R* and @ for ER14.5 without ther-

R*=C,0™ (5)

2

@ Table 2 shows the numerical values of the coeffici€@sandm
for the power loss ratio range between 0.5 to 1.0. Figure 4 also
shows the relationship &* and 6 for the numerical model of the
ER package without thermal underfill material. This figure also

0.7Py, . 0.7P¢
(T~ TOkVAW  (Ts—T.)kyAc

The nondimensional form of the thermal resistance is

*

1 K(Ts—T. - h .
R¥= (= (Ts ) (3) reveals a similar trend for the relationship betwé&&nand 6.
P 0.7P PR N 1-PR One can conclude from Figs. 3 and 4 that the nondimensional
) A Ac thermal resistance is a function of the power loss ratio and the

_ ] o nondimensional temperaturé, Therefore, the present study de-
where PR is the power loss ratio of winding power |oBg, 10  veloped general models f&* as a function of PR and. Equa-

total power loss of the magnetic package, and the total power loggns (6) and(7) give the nondimensional thermal resistarié,
P, is the summation oP,y andP¢ . Finally, the nondimensional \yith and without thermal underfill material.

temperature can be defined as

p= 151 4
- TS_Tb ( )
Discussion of the Results ;’:gl;gze Numerical values of constants in Eq. (5) for ER
Figures 3 and 4 show the relationship between the nondimen= = = =
sional thermal resistanc®*, and the nondimensional tempera- FR C1x10° m C1x10™ m
ture, 6, for the present numerical model with and without thermal g g 12.89 0971 12.09 0.979
underfill material. Figure 3 shows that the nondimensional ther- 0.6 13.83 0.973 13.13 0.977
mal resistance for different power loss ratios is approaching 0.7 14.86 0.973 14.19 0.974
when #—o. This means thak (Ts—T.) /A (wWhere JAc= /Ay 8'8 %g'ig 8'82’8 %g'ig g'ggg
=0.7/A) is much greater than the power loss. Therefore, the sur- 1 g 18.14 0.958 17.43 0.956

face temperaturdl g, is almost equal to the substrate temperature;
Tp. The numerical results in Figs. 3 and 4 can be correlated fogr package with thermal underfil
different PR as follows *ER Package without thermal underfill
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Fig. 5 Comparison between numerical results and general
model of ER packages with thermal underfill, Eq. (6)

ER Package with thermal underfill
R*=1.686<10"2 PR-47%°97
om0 ©
0.5=PR=1

The standard deviation difference, the average difference and e

practical applications beyond 453 K. Therefore, the present inves-
tigation did not examine any case which hasower than 1.10.
Moreover, it is evident from Eqg6) and(7) that the effect of the
thermal underfill material on the nondimensional thermal resis-
tance is around 2 percent. This effect can be considered in the
general model as follows

R* =1.714x 10" (kg /k) = %% PR47%9097 (8)

In general, the available cost effective thermal underfill mate-
rial is less than 2 W/m.K. Therefore, the maximum reduction of
R* is around 2 percent. Finally, E¢8) reveals thatR* «f (6
<1.5). This means that the thermal resistance is independent of
T.. in the low range of where the dissipated power is transferred
by conduction through the package to the substrate. However, for
6>1.5 the dissipated power is transferred by heat conduction
through the package to the substrate and partially to the surround-
ing air. Therefore, one should determine the base temperature in
order to estimatds. In the coming section the reader will find
the empirical equation of, based on the experimental results.

Experimental Test and Results

Figure 7 shows the schematic diagram of the experimental
setup. The experimental test was conducted inside an environmen-
tal chamber to control the air temperature. The ER package was
soldered to the FR4 board. The FR4 board and the ER package
were covered by a glass reinforced nylon box. This plastic cover
simulated the electromagnetic shield and prevented any air circu-
lation inside the environmental chamber to approach the ER pack-
. The surface temperatures of the winding, the core of the ER

maximum difference between the numerical results and (Ex. package and the substrate were measured. The local air tempera-

are 3.26 percent, 2.75 percent and 15.92 percent, respectively.

ER package without thermal underfill
R* =1.714x10 2 PR-475%0-97
o0 @
0.5=PR=<1

ture, T.., inside the plastic box was also measured. The ER14.5
package was used in this test and the dissipated power from this
package was calculated from the input DC current and the electric
resistance of the winding. The winding resistance was measured at
293 K using Valhalla 4100 ATC and it was 2.50B The uncer-
tainty in the electrical resistance measurement was around 0.5
percent. However, the local air temperature in the experiment was
around 343 K. Therefore, Eq9) from Chan[4] was used to

The Standard deviation dif‘fel’ence, the aVerage diﬁerence Wrect the resistance at the operating air temperature_

maximum difference between the numerical results and (Ex.

are 4.04 percent, 4.55 percent, and 17.91 percent, respectively.

Figures 5 and 6 show the comparison between the proposed

Re=Reg,., [1.0+0.003§ Ts—293)] 9)

models Eqs(6) and (7) and the numerical results. The proposed o ] ]

models for ER surface mount packages with and without thermbft€ winding power loss was determined frdRg and the input
underfill can predict the nondimensional thermal resistance with®C current (*xRg). In this experiment, the uncertainty in the

4 percent. In addition, Eqg6) and (7) can predict the surface Power loss was investigated using the orthogonal error method. It
temperatureT s, up to 473 K, which is greater than the maximunyvas concluded that the uncertainty in the power loss wa®
surface temperature of the thermal class H, where there are Rg§cent. In addition, there was uncertainty in the measured tem-

Power Loss Ra'tlo
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v
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R

Fig. 6 Comparison between numerical results and general
model of ER packages without thermal underfill, Eq. @)
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Fig. 7 Schematic diagram of experimental test setup

Transactions of the ASME



10

® Experimental Data
Numerical Model, Eq. (8)

applications. Moreover, introducing the thermal underfill material
in this application can add more unjustifiable costs to the final
product. Finally, the present investigation obtained good agree-
ment between the numerical model and the experimental results
within a maximum difference of 8.4 percent on the surface
temperature.
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Nomenclature

Fig. 8 Comparison between experimental data and general

model of ER packages, Eq. (8) A = total surface area for conduction?m
Ac = core surface area for conductiorf m
Aw = winding surface area for conduction?m

perature by using-type thermocouple and the attachment of the C1

thermocouple to the component by using the glue in the order of KI
+4 percent. Figure 8 shows the relationship between the surface

temperature of the ER package windings and the winding power “1
loss. Furthermore, Fig. 8 reveals good agreement between the

experimental results and the numerical model, B), where m
PR=1 andk;/k=1 (no thermal underfil The maximum differ- P
ence between the experimental results and (Bgwere 8.4 per- Pc
cent at the highest power lo$2 W) from the ER package. Fi- p,,
nally, the present study found that the maximum difference p*
betweerT, andT,, is a function of the total poweR, as shown in

correlation coefficient defined in E¢p),

DC current,A

thermal conductivity of air, W/mK

thermal conductivity of thermal underfill material,
W/mK

correlation coefficient defined in E¢p),

total power lossesP =P+ Py, W

core power loss, W

winding power loss, W

nondimensional total power losses,

PR = power loss ratio, PR Py, /P
Eq. (10). Re = electric resistance)
Tp— T,=11.42P086 (10) R* = nondimensional thermal resistance,
T = temperature, K
Summary and Conclusions T, = average substrate surface temperature, K

The present investigation conducted a numerical study on gull Ts
wing lead ER surface mount magnetic series. This numerical T
study examined the conduction heat transfer from ER packageg(té(’ z
the substrate. The numerical simulation considered the effects of
thermal underfill and distributing the power losses between the

maximum surface temperature of ER component, K
ambient air temperature, K
coordinate directions, m

= nondimensional surface temperature
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