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We use COMSOL for a variety of simulations

Just a few examples...
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In today’s presentation we’'ll look at an electronic
device in direct contact with the human body

* Electronics generate heat, which can damage human tissue, e.g., the skin
« Damage occurs at 44°C and higher temperatures [1-]

* Higher temperatures lead to damage faster
e at 48°C damage occurs in 15 minutes
* time until damage roughly halved with every 1°Crise

e Regulatory limits and standards may apply, e.g., IEC 60601-1

* In the presentation we will look at long durations
e goalis to design a device that does not exceed IEC 60601-1 limit (43°C)
e thermal simulation in COMSOL (steady state study)
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The simulation must model the device,
the human body, and boundary conditions

> section of
human body
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The human body is simulated using both thermal
conduction and a blood perfusion model

metabolic | perfusion thermal density heat

rate W conductivity capacity Blood does not generate heat
[W/m3] [s1] [W/m-K] [g/cm3] | [J/kgK] metabolically, but transports
heat and is therefore a local heat

skin 2 1300 0.0018 0.47 1.085 3680 :
source or heat sink:
fat 30 250 0.00043 0.16 0.85 2300 Qb — pbcp,bw(Tb /4 T)
muscle 25 500 0.0005 0.42 1.085 3768 Tb = Tcore = 36.7 °C
viscera netl!] netl?! averagel3! 0.53[4] 1.004 369714
blood n/a Q, n/a n/a 1.06! 42000!
References:

Values from “A Mathematical Model of the Human

’ Thermal System,” E.D. Yildrim (2005)
except:
[1] viscera thickness to make torso width 267 mm total,
based on 50-percentile male abdomen dimension in
“The Measure of Men & Women,” A.R. Tilley, p. 12 (2002)

e [2] viscera metabolic rate to make body metabolism
tat 80 W total, based on Fig. 21-8 in “New Human
osc\e Physiology,” G. Zubieta-Calleja and P.-E. Paulev (2004)

[3] average of skin/fat/muscle values
ot [4] organ viscera values from Yildrim
s 0 [5] “Simulation and Calculation of Magnetic and Thermal
Fields of Human using Numerical Method and Robust
Soft wares,” K.M. Takami and H. Hekmat (2008)
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The human body is simulated using both thermal
conduction and a blood perfusion model

metabolic | perfusion thermal density heat

rate W conductivity capacity Blood does not generate heat
[W/m3] [s1] [W/m-K] [g/cm3] | [J/kgK] metabolically, but transports
heat and is therefore a local heat

skin 2 1300 0.0018 0.47 1.085 3680 :
source or heat sink:
fat 30 250 0.00043 0.16 0.85 2300 Qb — prp,bw(Tb /4 T)
muscle 25 500 0.0005 0.42 1.085 3768 Tb = Tcore = 36.7 °C
viscera netlll netl2l average'3! 0.531 1.014 369714
blood n/a Q, n/a n/a 1.06! 42000!
Maodlel Builder | Selection List ~1 SEtt"“gS
- s v StE|H . Variables

4 W heatvl.mph (root)
4 () Global Definitions
Fi Parameters

- Label: Variables1

Geometric Entity Selection

FaS pEI’fLIi-iEIFI rF"Efﬂ = Heat flux Skin T TR TIOE SIT T =T
_ & Materials Geornetric entity level: [ Entire model s Heat Skin [ Equation
4 |W Componentl {compl) B Heat Fat
4 = Definitions B Heat Muscle ¥ Heat Source
2= Variables1 % Heat Vizcera

@ General source

v Averagel (skinCp) Active /== Heat Blood
# Average 2 (coreOp) _ BB Hest Battery pack Qo | User defined
#¢ Average 3 (deviceSideOp) v Variables f& Heat Circuit board Blood
4 Averaged (devicefaceUp) " I= Heat Electronic compons i
Jdv Integration 1 (intopI) Marme Expression
& Air (not modeled) gqBlood rhoBlood*CpBlood*perf(z)*(Thlood-T)
& Heat flux skin Qblood intepl(gBloed)
& Skin DensSkin | mat7.def.rho(pAmbient[1/Pa], Tskin[1/K])[kg/m"3]
= Fat Teide e Ly (T JFH 2015-09-29



There are =6 different boundary conditions that
must be correctly specified

|

thermal
insulation °

convective
heat transfe

\

thermal
insulation

bottom: thermal insulation

I’IM

* heat transfer coefficient is calculated(!), not
prescribed

* heat fl xrequ\*

heat trans

01

convective

clothes-to-clothes is
modeled as thermal
insulation

* heat transfer coefficient is calculated(!), not
prescribed, assumingnowindr o mr a T e

ot
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The heat transfer coefficient can be calculated
from a series of dimensionless numbers

Nu- k |l T | T | vldfor

he = L module y, 059 025 Tg4, Texin 10%°<Ra<10°
sides
— . n
Nu =€ -Ra module X,/2 054 0.25 Ty, Tskin  10%<Ra<10’
Ra = Gr- Pr top
module x./2 027 0.25 Tyottom Tskin 10°<Ra<10
L3 (T bottom
Gr=g—2<—p—1> . ; 9
n- \Tq clothing-  y,, 059 025 Trse Tambient 10°<Ra<10
to-ambient
HCp
Pr = —
k

where

k = k(T,) = heat conductivity of air
n =n(T,) = kinetic viscosity of air

u = u(T,) = dynamic viscosity of air
C, = C,(T,) = heat capacity of air

g = acceleration of gravity 9.81 m/s?
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Direct calculation of the heat transfer coefficient
can be done in COMSOL (step 1)

Model Builder

—

Selection List

a W heat.mph (root)
() Global
4 m Component 1 (compl)

F

Definitions

2= Yariables 1

- fveragel (skinOp)

v fverage 2 (coreOp)

v ferage 3 (deviceSideOp)

A Average 4 (deviceFaceQp)

[dv Integration 1 (intop1)
iz Explicitl
Jo| Boundary System 1 (sps1)

L view1

b Geometry 1
=5 Materials

B Heat Transfer in Solids (ht)

P ﬁ Global ODEs and DAEs (ge)

':{“:l Global Equations 1
5 Equation View

A Mesh 1

o Study 1

@, Results

Easy enough to
calculate the heat

transfer coefficients h

after the simulation
has finished...

-1

Settings
Yariables

Label:

Wariables 1

Geometric Entity Selection

Geometric entity level: [ Entire model

Active

* \ariables

123
Mame

gElood
Qblood
DensSkin
Tside
Prskin
Grakin
RaSkin
MuSkin
hecSkinCalc
DenzAmb
Tface
Pramb
Gramb
RaAmb
Mufimb

Expression

intopl (gBlood)

deviceSideOp(T)

PrSkin*Grskin
0.59*RaSkin~0.25

deviceFaceOp(T)

Primb*Gramb
0.59*RaAmb~0.25

Unit Description
rhoBlood*CpBlocd*perfiz)*(Thlood-T) Woim® Blood heat density
W Blood total heat
mat? . def.rho(pAmbient[1/Pa)], Tskin[1/K]}... kg,-"m!' Air density at skin ternper...
K Average ternperature on s.
rat?.def.eta(Tskin[L/K])* mat? . def.Cpi(Tsk... Prandt! number under clo...
g_const*Lside®3*max(Tside-Tskin 0)/Tski... Grashof number under cl...
Rayleigh number under cl...
Musselt number vertical si..
MuSkin*mat?.def k(Tskin[L/ KW m™ K], [W/im k) |Calculated convection he..,
mat? . def.rho(pAmbient[1/Pa], Tambient]... kg,"r'n!' Armbient air density
K HAverage ternperature on f..
mat7 .def.eta(Tambient[1/K])*mat7.def.C... Prandt! number ambient air
g_const*Lface*3*max(Tface-Tambient,0)... Grashof number ambient...
Rayleigh number ambient...
Musselt number large face
W/im*K) |Calculated convection he...

c T~ hotmbCale [NuAmb*mat? . def k(Tambient[1/K[W ..
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Direct calculation of the heat transfer coefficient
can be done in COMSOL (step 2)

Maodel Builder

Selection List

- TSR

a N heat.mph (root)
) Global
4 @ Component1 (rompl)
= Definitions
"h" Geornetry 1
== Matenals
4 |l Heat Transfer in Solids (ht)
il Heat Transfer in Solids 1
i Initial Values 1
“w Thermal Insulation 1
Temperature 1
mw Heat flux Skin
&= Heat Skin
/& Heat Fat
I Heat Muscle
= Heat Viscera
I= Heat Blood
I= Heat Module
mw Heat Flux module sides

mw Heat Flux clothes to ambient

Ed Equaticn View
o ﬁ Global ODEs and DAEs {ge)
':-“-"-_“:'J Global Equations 1
5 Equation View
£ Mesh1
“ot Study 1

@, Results

-

Settings
Heat Flux
Label: Heat Flux clothes to ambient

Boundary Selection

Selection: [ Manual v]
on | |37 a

44 E'El -

Dictive ﬁj "ECI'

B

...but if we entered
the h_ variable name
(hcAmbCalc) here, we
would get an error
message, because we
need a value here to
calculate hcAmbcCalc
in the first place...

Override and Contribution
¥ Equation

Show equation assuming:

[ Study 1, Stationary =
-n-(-kVT)=h-(Tox-T)

* Heat Flux

) General inward heat flux
@ Convective heat flux
G=h (Tee-T)

Heat transfer coefficient:

[ User defined

i)

-,
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Direct calculation of the heat transfer coefficient

can be done in COMSOL (step 3)

Model Builder  Selection List

~ - = v StE -

4 & heat.mph (root)
Global
4 W Component1 (compl)
= Definitions
"h'* Geornetry 1
=5 Materials
B Heat Transfer in Solids (ht)
A ﬁ Global ODEs and DAEs (ge)
@ Global Equations 1
=+ Equation View
A Mesh 1
“oh Study 1

@, Results

-

Settings

Global Equations

Label: Global Equations 1
¥ Global Equations

Fluge e t) =0, ulty) = tp, Uxltg) = Ugg
" Mame flu,ut, utt t) (W (m A 2%E)  Initial value

hcskin hcskinCalc-hcskin 5

hcAimb  hcAmbCalc-hcAmb 5
n

T l — |~ Q

Mame:

flu,ut, utt t) (W (m " 2%K)

Initial value (u_0) (W (m™2*K)):

Initial value (u_t0) (kg/(s"4*K]):

Description:

* Units

Dependent variable quantity

[ Heat transfer coefficient (W, (m"2*K))

Source terrn guantity

[ Heat transfer coefficient (W, {m"~2*K))

...s0 we have to add
another physics node,
a global ODE, that
makes the input h,
and the output h, the
same.

:: fgrufw
THORATEC
e R R e R AT EH015-03-25



We find that one possible design
allows =1.75 W of heat

Electronics heat [W] 0.75
out of which:

Boost converters [%] 60
Circuit board [%] 40

Ambient temperature [°C] 26.0
Patient exertion level At rest
%VO0, max 13
Patient core temperature [°C] 36.7
Patient skin temperature [°C] 31.8

Clothing thickness [mm] 3.0
Clothing fit Tight
Battery heat Max temperatures [°C]
Human skin
[W] Module surface
0.0 36.6 39.7
0.5 37.9 41.4
1.0 39.4 43.0
1.5 40.8 45.8
2.0 42.2 49.5
2.5 43.7 53.0
3.0 45.0 56.5
Max allowed
60601-1 43 damage integral
12

Temperature (degC)

39

38.5

38

37.5

37

36.5

36

35.5

35

34.5

34

33.5

33

32.5

32

— with electronic device present
—— no electronic device present

4 5
Distance from skin (cm)

6

8 9
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Simvulation can be used to identify the

hottest surface (IEC 60601-1 limit)

hottest touchable surface
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Choice of internal materials can help in distributing
heat to a larger area

heat insulator here helps push heat sideways

36

good material choice here avoids trapping heat

— black arrows are heat flux vectors

QL
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Performance in different ambient conditions
can also be explored

device between
’ 26°C ambient ’ 40°C ambient human body and mattress

Module | Battery | Skin | Module | Battery Battery
surface surface surface

[°C] [°C] [°C] [°C] [°C]

37.4 37.5 39.5 42.5 42.5 39.8 43.0 43.0
40.1 40.2 40.8 45.1 45.1 41.8 47.1 47.1
42.8 42.8 42.0 47.6 47.7 43.8 51.2 51.2
45.3 45.3 43.2 50.1 50.2 45.8 55.3 55.4
47.8 47.8 44.4 52.6 52.6 47.8 59.4 59.4
50.3 50.3 45.6 55.0 55.0 49.8 63.4 63.5

52.7 52.7 46.8 57.3 57.4 51.8 67.4 67.5
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* We simulated an electronic device in

atior ¢ﬁc|uded the dewcg, tﬁe human
iniciuding clothes

\ e o * We were able to establish a heat
- budget for the device that

satisfies temperature limits
in [EC 60601-1
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