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3. Simulink ojj A

%% Parameters
clear, clc, close all

% Vehicle Parameters

m=380;

%m = 716.92; ¥ Vehicle weight, including air drag [kg]
1f = 8.9661; % Length of front wheel center to CG [m]
1 = 1.58; % wheelbase [m]

1r = 1-1f; ¥ Length of Rear wheel center to CG [m]

h = 0.3247; % CG Height [m]

% Wheel-tire Parameters

I_wheel =0.835; ¥ wheel inertia @.78448.051 [kg*m~2]
r_load = ©.2; ¥ loaded radius [m]

ru = ©.254; % Unlosded radius [m]

phi = acos(r_load/ru);

r_eff = rw * sin(phi)/phi; % Effective radius [m]

% Aero Resistance

Af = 1.134; % Frontal Area [m"2]
Cd = 1.79; % Drag coefficient
cl = 3.76;

% Rolling Resistance
R_roll = .015; % Rolling resistance coefficient

% Initial value
x_@ = 8; % Initial position [m]
vel_1-138/3.6; % Initial velocity [m/s]

% Environment Parameters
g = 9.81; % gravitstional acceleration [m/s"2]
rho = 1.225; ¥ air density [kg/m"3]

% Tire coefficient, Dry asphalt
B=10;

c=1.9;

D=1;
E=0.97;
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-> XY, M2AHM, = 7|Z7]0f efst gl S 12{5tX| 2= 1 DOF Model
: O| E}0]O{ AI2 (Pacejka Magic Formula)
. 130km/h2| X£7| SO, Z|t] MSHS ALESIH g
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3. Simulink ojj A

Hgoja ==

H&2| Pad0f| A 2d5t= =[O &=

=

Fcaliper master X Acaliper

Thrake = caliper X Hpad X Reff

3 3
Tout™ — Tin

R —
eff 2 2
Tout Tin

739T11k622:1 1.323£9€) PQI11

Pad

Caliper

Pad

Backing
plate

Erake fluid

=—— Rotor/disc

Hub
Disc

% Brake parameters

P=88.70169877%18"5; X [N/m"2]

Pe=7*10"4; ¥ [N/m"2]

Area_UC=498.872-6;

BF=0.7*%4:; % Pad coefficient*4
r_bout=0.10885;r_bin=0.08825;
r_Beff=2/3*(r_bout*3-r_bin"3)}/(r_bout"2-r_hin"2);
T_b=(P-P@)*Area_C*@.98%BF*r_BefT;
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Hola =4

Brake test Results Nonlinear brake models

70
guas. A.s 2 J mm'.‘:w = —bm,\"w = Fn = A)me: + Fow —sign(_\"w )I';an
50 = A - ,(r- Brake _liL‘P = fa(F,) 5 P
7~ Pedal Force | ¢ 2V 2T+ : : G,y Co | Puc = P =
\//l ﬁ, ‘edal Forc —d B.=p > A.,—w-\fm -f .'V S : S '
50 (ﬁﬁ( me, A)ut Xone mey Amt"‘ruz
4‘} Master Cylinder
T i
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g A- 3
g 20 I / -m—g:l?;: G Vo =0, C \li}: ~PBy| oy =sign(P.-P,)
4 7 N > :
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o 32 3
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r B, =Cplil +Col,
0 e Brake Caliper
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Time {sec
e |2 2%} A|AEIOZ 3A} 7S
P > Brake model= —o— — <)

0.3s 2| lag time
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Brake test Results
70
50 = T s e - =

N

4
50 S

1) /-

30 ,/:

f e Master Cylinder
& " A RS Caliper

/ / Supply
10 /-

ﬂ_~//

Pressure [bar]

. Tawise] Brake model& 2Xt A|ARIC 2 ZA 75

»

0.3s 2| lag time
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Efolof S5t B

Pacejka Magic Formula
EtOjojofl A =& =0f UIE HSHS LIEIL = 34

F. = F,-D -sin(C - arctan{Bo — E - (Bo — arctan(Bo))})

Fx/F 2 [noemakzed longhudinal leece) 20NN [p)
Fy/Fz Iraemalzed latesal lorce) 20NN ()
] rerg momert| !

Fxpesk ot SR«012, pe1.75
Fy peak al SA=5 73 dag, y=157
12 poak ot

o
AR
R
>
1AL
Lo
Q
|

reffw
" \/"_’A——:.—'—'—Q‘OSR

b0w1.50000 b3+0.07572
b1=-85 00000 b3=002385
b2=2005.00000 b10=0.02365

b3«-0.00736 b11+0.00000
bd=350.00000 b12=0.00000
b5+0.07651
b6=-0.00336

b: Shape tactor 20NN () b7~0.08508
A m 50
20NN [y
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-él o 17 |_'OOO_II

D o :
Wheel/Brake torque 2 o
wheel speed
Add

Effective wheel radius1

X| =2 (Traction Force)
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3. Simulink ofj A

& AMe 75k, S (X5), 0l HE| At
mass= down forceE 112{%t Aero loadE =gt
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ABS (Anti Lock Braking System)

sssss
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————>®| outabsdata
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slip ratio F
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Brake output

Traction ForceZt Z[CH7t &= S8 8= 0.170] L2}
20|32 ¥HE on/offStH Traction ForceES 2CH3}
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LIME| Simulink 22

Driving Resistance

Longitual Vehicle Dynamics Model

B

Normal Force Distribution
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%107#

Panic Brake

Panic Brake with ABS

<Brake Disc & Pad>
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The Heat Transfer in Solids Interface solves for the following equation derived from

Equation 4-13:

oT ds
pCp[g + U VT) +V-(q+q,) = —&:T:E +Q (4-14)

<COMSOL OjM E0 L= Al>
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The Heat Transfer in Solids Interface solves for the following equation derived from

Equation 4-13:

pC ot utrans

(BT
p

<COMSOL OjM E0 L= Al>

Welocity field:
-y*omegait)

Utrans  x*omega(t)

e

0

dS
: T)+V-(q+qr) = —CLT:E +Q

myfs

(4-14)

*107
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— Boundary Condition

Heat Source Thermal Symmetry

Diffusion Convection
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— Boundary Condition

Heat Source

Heat flux in the

. _ 9T _ o
1 kox (pc&:\;itive X — directiml) (W/m?)

FIGURE 2-28

Specified heat flux boundary
conditions on both surfaces
of a plane wall.
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— Boundary Condition

E, =mV’/2+]lo; /2

<Braking Energy>
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— Boundary Condition

E, =mV/2+]1o; /2

<Braking Energy>

d
P, = e (Ep)

<Braking Power>
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— Boundary Condition

P, = . E
<Braking Power>
d E,
P, =
’ dt 8

<Braking Power for One-Half Disc>
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o <Braking Force Dissipation>
— Boundary Condition

Rear: 0.4 Front; 0.6

Heat Source

0 dt 8 4

<Braking Power for One-Half Disc> <Modified Braking Power>

(1 General source

® Overall heat transfer rate

Py

A

Py -l_tireromegalt)*alphalt)«(-m_carsvt)*a(t)*1/2*0.641/2)*step_b(t) W

Qp =
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— Boundary Condition
,— Center plane

Thermal Symmetry

— Temperature
distribution
; (symmetric
0 T(L!f 2, [ J ' about center
— plane)
0.X i
Oe -£ -L ;
2
dT(L/2,1) ~0

dx
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— Boundary Condition

Convection Convection | Conduction

2
T, — TO. )] =—k a0, 9

X
h Conduction | Convection
| - ~
’ — dT(L.t

— — = ,[T(L, 1) — T,,] wED T - T,

0X ox

0
-> COMSOLO||M Translation ©7d A| XI5 4tAH
%=%+u(x,y,z)'v(x,y,z) FIGURE 2_32
The right-hand side of this relation shows a new term u - V corresponding to C onv ectl Oon b{:}u nd al}f andi i i{:}ns On
convection in the case of tluids, or convected quantity by translational motion of a -

colid the two surfaces of a plane wall.
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— Boundary Condition
Radiation | Conduction ‘
Diffusion I | I 10, 1)

£10 [T 1 — TIOID =K

ox

Conduction | Radiation

JdT(L, 1) IT(L, 1) | 4
—k T — S’JG-[T(L f)4 Sl.ll‘l p) k ox =&0|T(L. 1)" - urr 2
g

FIGURE 2-35

Radiation boundary conditions on
both surfaces of a plane wall.
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-Reduction

<Physics>

<Reduction>

<COMSOL>

Braking Power => Heat

Diffusion $A|

Initial Condition

-

Half Model Al

\.

~N

QA 37|17l CIE
Mesh A

J
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-Reduction

Braking Power => Heat

<Physics> - Diffusion FA|

Initial Condition
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<Physics>

. *2 = Braking Power=
Braking Power => Heat Heat Flux2 PFIEl
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-Reduction

[ Diffusion FA| ] — [ 21} ojojgt ]

[ Initial Condition ] — [ ClA3Qt 7| 2571 23 }
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-Reduction

Half Model Al

<COMSOL>

QAaY 377} Ct2
Mesh A2




4. COMSOL ofj A
-Reduction

<COMSOL>
[ Half Model A2 }

<Half Model>
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<COMSOL>

Q4% 37|7t CtE
Mesh Al

Geometry 0|7 BfZ0 Mesh & £}
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4-1. Verification




4-1. Verification

I 0 h © sin(A L) a2
90(2,t)=i 2| =t -1 Z _ xe "' cos(h,z)+1
h, q, = A L+sin(k L)cos(A L)
a, = —E =thermal diffusivity
PRCR

hr = convective heat transfer coefficient

L = one-half rotor thickness

qo '=average heat flux into rotor

t=time

T;=initial temperature

T, =ambient temperature

z=horizontal distance measured from midplane to rotor

Ho(Z, t) — TO(Zr t) — T

0; = T; — T,=initial temperature difference between brake and ambient

(ApL)tan(A,L) — "2 = 0

The value of 1,,L is determined from the transcendental equation.
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4-1. Verification

N N\
o C|AT0| E4E&|= heat flux H| 2
B 1
Heat flux 88| | 142220
PRCRKR Y,
e Slip ratio= sin g=2| HEZ LIErH
L — > . T
Slip Ratio | * RmsS 0| 8ot0] B2 =5 [
01t -
02} \\\\
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- 07t
Az ex - 49TC o8
! U'.IU'5 Of? 0‘:15 0.‘2 0.;25 0?3 0.?35
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4-1. Verification

L = 2.52-3; % disc half thickness [m]
D = 217e-3; % disc diameter [m]
XX air

alpha = readmatrix("air_alpha.csv"); x—l x_” q E
c_p = readmatrix("air_capacity.csv"); L L —
rho_air = readmatrix("air_density.csv");

k_air = readmatrix("sir_conductivity.csv");

mu = readmatrix("air_mu.csv");

nu = readmatrix("air_nu.csv");

Pr = readmatrix("zir_Pr.csv");

%% Using air x = 36.11m/s to @, y = 30 degrees celsius to 2000 degrees celcius
V = readmatrix{"velocity_ms.csv");

V = linspace(V(1),V(end),1971); ¥ vehicle velocity [m/s]

Re = rho_air.*V.*D./mu; % Reynolds number [1]

for i = 1:1971 %V = [36.11:0]
for § = 1:1971 % T = [30:2000]
if(Re{i,j) > 248008) ¥ Turbulent flow
h(j,i) = @.4*(k_air(j)/D)*(Re(i,j)"0.8); % Convective heat transfer| coefficient [W/({K*m"2)]

else % Laminar flow

h(j,i) = @.7%(k_air(j)/D)*Re(i,j)"8.55;

end

end
end
#% Disc temperature analysis . i L.
KR = 313 % disc thermal conductivity [W/(m*K)] a_t = k_rotor./(rho_rotor®c_rotor); ¥ thermal diffusivity
t = 8.35; % braking time [s] % lambda_1L = 8.2;
% lambda_1L = @.4;

Area = 752.25%4%18°(-6); lambda_1L = ©.3566; ¥ appiled by trial and error
rho_rotor = 76@@; X disc density [kg/m~3] % find out k1 = k2
rho_pad = 2776; % pad density [kg/m"3] k1 = lambda_1L*tan{lambda_1L);

_ i s . . _ _
c_rotor = 460; % specific heat of disc [1/(kg*K)] k2 = h(1,11)*L / k_rotor:
c_pad = 1465; % specific heat of pad [J1/(kg*K)] -
k_rotor = 31; % thermal diffusivity of disc [W/(m*K)] )
k_pad = 1.2116; % thermal diffusivity of pad [W/(m*K)] if(abs(kl - k2) < @.@01)

theta = g@./h{1,11).*{{2*((init_temp - amb_temp).*h(1,11)./q@ - 1)).*(sin{lambda_1L) ./

% ratio absorbs to disc {lambda_1L + sin{lambda_1L).*cos(lambda_1L)}).*exp(-a_t.*(lambda_1L./L}[."*2.*t).*cos(lambda_1L) + 1);
k = 1/(1 + ((rho_pad®*c_pad*k_pad)/(rho_rotor*c_rotor*k_rotor))"@.5); temperature = theta + init_temp ¥ final result

else
disp('Cannot find the solution!’);

end
vehicle_braking_power = abs(readmatrix("power_temp.csw"));

vehicle_braking_power_cor=vehicle_braking_power(7:end);
slip = @.4528; % slip ratio
brake_bias = 8.6;

Power = rms(vehicle_braking_power_cor)*brake_bias*@.25%k*(1 - slip); % braking power [W]
gq® = Power/Area;% average heat flux [W/m*2]

init_temp = 48; % Celcius

amb_temp = 48;
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-ABS Heat Analysis
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ComsolOA] MeshE BF=X| Z2olfAl Z7F




5. Conclusion
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1. Brake Design and Safety — Rudolf Limpert (SAE International)

2. Heat and Mass Transfer - yunus A. Cengel
3. Heat Transfer Module Users Guide - comsoL

4. Step by step guide for modeling heat generation in a
disc brake - comsoL
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