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Liquid Level Systems
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Basic Concepts

Laminar flow : When the viscous forces are dominant (slow flow, low Re) they are

sufficient enough to keep all the fluid particles in line,
then the flow is laminar.

..} D

Turbulent flow : It can be interpreted that when the inertial forces dominate over

the viscous forces (when the fluid is flowing faster and Re is larger)

then the flow is turbulent.
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Basic Concepts

Reynolds number (Re) : The ratio of inertial forces to viscous forces.
It is used to determine whether a flow will be laminar or turbulent.
_pvD
Y7

Re

u . the dynamic viscousity of the fluid
o . density of the fluid

D : diameter

Re <2000 : always laminar

Re > 4000 : always turbulent
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Laminar Flow

Cylindrical pipe

128vL
vy P]__Pzngh, Q D4:h
\BE o
N \_l_/ Vv Vviscosity,
Py P, L :length of pipe
T b D : diameter of pipe
< 3 >
h 128vL
Q:_:K|h1 R= 8V4 [S/mz]
R gzD
Q :steady —state flow rate
K, : constant
h :steady —state head
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Laminar Flow

dH

Liquid level dynamics : CE =Q. —Q,
:(5+qi _(6+qo) =0 —q,
d_H — i(ﬁ +h) = @
dt dt dt
_ H +h h
= —+ = , o = —
Qo Q qo R q R
dh 1 1
- —=—h+—q
dt CR C
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Turbulent Flow

= 1 27

Q:(‘,d.a.\/g(p_p\
P

o . density, a:area, C, :discharge coefficient

steady state: Q =Q=0Q, =K. vH
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Turbulent Flow

Liquid level dynamics

Cdd—I::Qi—QO:6+qi—Kx/ﬁ

S _2Q -2 KVH = F(Q.H)

F(Q.H) = f(éi,ﬁ)+(%i6ﬁ @ —6)%2;; Q-Q)+
.-+%6’ﬁ(H —ﬁ)+%§;z (H-H)*+---

1< 1 — [ 1 K
:_Q__K@(_qi_ _
ce e e Y oo

h}+ high order term
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Turbulent Flow

dH _dHA _ dh
dt  dt dt
dh 1 K,

= —==0- —
dt C" c.2Jn

h Rzzf:%ﬁ, (5:Kx/ﬁ)

(dh 1 1
—=-—-h+=q

;at hCR ¢ for small g,
bR
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L_inearization

o, Q=Q+q=KvH+( )-h
—f(x), y=1f(x), X=X+AX
= y=1(x), y=1(x)
- Of 1 0°f
= f(X)+—| -AX+— - AX?
B y=1x) X | " 21 ox2 | *
_of
~Y+—| -AX
- d GX;(
H h H .
y—Y=8— (X=X) = K(x=x)
X
yzf(Xl,Xz)zf(Xl,X2)+a— (X1_X2)+— (Xz_Xz)
1% % X, |5

= y+ K (6 = %) + K, (%, = X,)

Y=Y = K (=) + K (= X,)
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Summary of Liquid Level Systems : Laminar Flow
Laminar flow @:—ih+£q.
dt CR C°
_ _ H
Q=K-H R=—=
Q
128vL
R= 4
gzD
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Summary of Liquid Level Systems : Turbulent Flow

Turbulent flow dh 1 h
dt CR

o h
> R

2H _2VH _ 2JH

R=—

Q K CaJ

(-.-6: KvH :Cda\/%zcda@\/ﬁ)
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Liquid Level Systems with Interaction

R
¥
| ‘lQi =Q+q, Steady state :
Qi :QZleQz
H,=H, +h R — R H —I__I I__I
! H2=H2+h2 2 — 1 2 _ 2
% ¥ R, R,
C EE——— C EE—
! Q1:Q+q1 2 Q2:Q+q2
dH, = — d
Liquid level ~ C,—*=Q+q,-(Q+q,) - Cld—r}:qi—ql
dynamics :

_ _ _ _h
Q1=Q+q1=Ri(H1+hl—(H2+h2)) g =l

1

dH — —
- =9+ 4 —(Q+ )
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Liquid Level Systems with Interaction

r%__l hl_hz —I—l
d¢ C | R clq‘

d, 1(h-h} 1h
d C,| R C, R,

\

Q,(S) _ 1

Transfer Function = = ~
Q(S) RCR.C,S™+ ( RC,+R,C, + R2C1) S+1
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Hydraulic Systems : Excavator
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Hydraulic Systems : Brake System

1 ) Wheel Cylinder
2 ) Brake Light

3 ) Brake Pedal

4 ) Rear Brake Lines

5 ) Stop Light Switch (Mechanical)

6 ) Front/Rear Balance Valve

7 ) Pressure Differential Valve
8 ) Brake Warning Lamp
9 ) Brake Fluid

10) Brake Pad

11) Master Cylinder
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\ehicle Model - Brake Model

Brake Model

Font
Wheel

Master Cylinder

Proportioning
Valve

Fundamental structure of a hydraulic brake

Brake Vacuum Master Proportionnig
Pedal Booster Cylinder Valve
Vacuum
Booster

Rear
Wheel
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\ehicle Model - Brake Model

Vacuum Booster

FIRE
WALL
CHECK VACUUM
VALVE CHAMBER
(TO INTAKE
MANIFOLD)
) (PT%SHBTR?\?(E PEDAL)
/ “"‘/III/II/II// PSITELLP I SIS d IS TET TSP Y, rr
TO MASTER —— T ‘
CYLINDER e NN NN NN \\\\\\\
2’/’///’[////////”// 5//”/11:/1r11%/11
Vacuum Booster Diagram
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\ehicle Model - Brake Model

Vacuum Booster Control Valve Model

VACUUM APPLY ATMOSPHERIC
CHAMBER CHAMBER l PRESSURE

(////

NN

Control Valve — Apply stage
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\ehicle Model - Brake Model

Vacuum Booster Control Valve Model

VACUUM APPLY
CHAMBER CHAMBER

\ \\\\\\\\\\\\\\\\\ \

GASKET

REACTION
WASHER

;IIIIIIIIIII/IIIIIII /IIIIIII/I/I L

DIAPHRAGM .

Control Valve — Hold stage
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\ehicle Model - Brake Model

Vacuum Booster Control Valve Model

VACUUM APPLY
CHAMBER CHAMBER

L

NN

N\
W

Control Valve- Release stage
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\ehicle Model - Brake Model

Master cylinder

Fluid Reservoir

Secondary Primary Fout
Circuit Circuit b
o o060 0 0 o From
Vacuum

‘ ‘ Booster
To Brake Lines
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Hydraulic Systems : Landing Gear System

Landing gear system of AIRBUS A330

UPPER SIDESTAY
.

Lt
Ify

S

g
e CK ABSORBER
= STRUT
: \
SHOCK STRUT
SWITCH BOX

WAL KING  JOMT
¢ ASSERMBLY

BRAKE TOROUE PLATES
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Hydraulic Systems

Hydraulic pump

Control valve

&
<

Tank T l,

Load

Hydraulic actuator (70~ 210bar)

F=A-(R-F)
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Hydraulic Systems : Valve-motor Combination

kH\\IIHI I/T/f%

HITL LT 7 0ril
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Hydraulic Systems : Valve-piston Combination

|

Valve-piston combination

Return
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Hydraulic Systems : Single Stage Electrohydraulic Servovalve

Supply Return

]

=

3

Al =i; =13

’ —
——

A
=
1Y
e
Ii
1T ]

Schematic of a single stage electrohydraulic

Fluid motor with

servovalve connected to a motor with
displacement Dy,

Jy

inertia load
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Hydraulic Systems : Two-stage Electrohydraulic Servovalve

_],. Permanent magnet

Armature mounted on

stiff torsion spring ~! L+ Pole piece

=
P |_— Flapper and nozzles
‘ / Iz
A x""_l 1— Spool
Py, z — : . = - |Pip
e .- == __ ~ -_ NS ___—_— -_;:_:: Vﬂp
b L ™~ Fixed upstream
2 orifice
Jr. Po| et |P1 NS Schematic of a two-stage electrohydraulic
upply Vo Vo upply
servovalve with force feedback controlling
~ = a motor with inertia load
Fluid motor with \ — __
displacement Dy, - _._' === _J_f_
); __-_.
Om B _
- —
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Hydraulic Servo System

& s " P. : supply pressure
5 T spool
2 2
lecd.a.x ;(PS—Pl) [m /S:|
Q,

ﬁ/ a:area gradient, x:displacement
servo  _ P p L p . density, C, :discharge coefficient
system - .

’ 2
\ piston Q, =C, 'a'x\/;(Pz_Po)
/2
=C,-a-X |—P, (P, =0)
Yo,
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Hydraulic Servo System

no leakage, no compressibility

Q1:Q2 — PS_P1:P2 — Ps:P1+P2

P =AP=P-P, — P,+P. =2P, P,—P =2P,
L pPrR PR
2 2
2P, —P, ey
Q:Ql:szcd.a. \/p C

d —
Q:Ap.d_'}t/:C.X PS_PL
dy B
EZC’X PS_PL
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Hydraulic Servo System

%%:C&Ja—ﬁ] Y=V+Ay, X=X+AX P =P +AP

dy - = = of =
— = f(x,P —- = - X )+ — |- = - P
dt ( L) aXXPL ) aPL X P ( L L)
e R TR (x=X)+(-ick ——1—)(R -F)
dt 2 P - P
f x=0, P=0, Y_g
dt
d—y:C P, -x =K, -X
dt
_Y() _K
X(s) S
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Hydraulic Servo System : Compressibility

—— A
Vl

where, fB=Compressibility

V. P
PV = mRT
1 AP
AV
po
AP=dP , AV =V, -V,=—(V,-V,)=-dV
1. —Vd—P = Ky ; Bulk modulus
B dv
dP = —— -2V = —K,—dV
Vv \
P Lav
dt vV dt
\'9"‘ Seoul National Univ. Spring 2008

’ School of Mechanical
a4 and Aerospace Engineering



Hydraulic Servo System
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x=0, A=A
Py Ps P .
TL Jlt JT N Flow equations :
12 Tl T2 | O 2
= S wid Q11:Cd(Ao+aX)\/_(Ps_P)
N P
QA Q P, : supply pressure 5
Q, =C, (Ao_ax)\/ — (R-0)
— Y P
P, & P D Q =Qu —Qp
Q21_Cd (Ao_ ax)\/ E (Ps_Pz)
e,
2
L =C, (A + ax)\/—(P 0)
0
Q, =Qy —Qy
A1 Seoul National Univ. Spring 2008



Hydraulic Servo System

Assume no leakage Q =Q,

y201
b _ 1 1av

it AV dt

11
__E\Z(_Ql)

=0,
dp, 11 ~odp, 11 .
- _A , — = (- —+

dt - 5V, (Q-AY) " ,BVZ( Q,+AY)

Equation of motion :

my: Ap(pl_ p2)_by
my+by: Ap(pl_ p2)
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Hydraulic Servo System Model

my +by = A, (p, - p,)

dp, 11 :
M~ (0 =-A
dt ,BVl (Ql py)
dp, 11

EZEE(—Qz +AY)

Q. =Q, -Q, ={Cd (Awax)J % (Ps—a)}—{cd (Ao—ax)J % (P-0 )}

Q,=Qp - ={Cd (A ax)J % (PZ—O)}—{Cd (A~ ax)J % (PS—PZ)}
Q1:Q2
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Hydraulic Servo System : Linearization

Q1:Q2 — Ql_Q2:O

C. (Awax){\/ 2 (Ps—a)—\/ 2p }—cd (Ab—ax){J Zp —J 2 (PS—PZ)}
p p p p

when x =0,

cdax{Jz(ps_pl)_szz 2R _Jz@_pz)}

P P P P

+CdA)JJ3(PS—a)—ﬁ/ 2, —F P +J3(PS—P2>1=0
N p p p p ]

To make an identical equation, P,—-P,=P,, P=P.-P, = P =PF+P,

P+P P-P
=), P2:
2 2

let P =P, +P, = R,
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Hydraulic Servo System : Linearization

Q1=Cd(ax+'%)\/ (R-FR)-Ci(A- aX)\/ (R+R)

o (X— O)+ R
op,

x=0,p, = O(pL

QL :QL(X’ PL)
Operating point : Xx=0, p =0
oQ
Q.(x, p.) =Q,(0,0) +8—X1 x=0, p =0
0Q 1
8—)(1 x=0,p, =0 2C, 'a,’; ps =K,
oQ 1
X= - C AO =—K
op e \ P BPs 2
Q: le_szL :Qz :QL
o dp, dp, B dp,
=R P dt  dt dt
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Hydraulic Servo System

my+by:AppL

dp, 11 N 11 .

LIE S — —A =——(K,x—K - A

it BV, (Q.—-AY) ,Bvl( 1 PL=AY)

dp, 11 :

d—'[ZZE\TZ{_(le_szL)+Apy}

let V, =V,

11 oK x—2K,p -2AY)

dt BV ’

Y(s) :( ) ( ):cubic equation form
X(s) ()
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Hydraulic Servo System

Simplification : No compressibility, No leakage

my +by = p_A,

QL:le_KZpL:Apy —

A2
= my+|b+— y:Apﬁx
K2 KZ

CY(s) K
UX(s)  s(Ts+1)

_ KA, T_ mK,
Kb+A? Kb+A?

1 :
P.= K_(le_ Apy)

2
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Basic Concepts of Thermal System

e Thermal Systems : Systems that involve the transfer of heat from one substance

to another.
e Macroscopic viewpoint
e Lumped parameters

e Heat transfer

- conduction (2 %)/ convection (H7)/ radiation (ZA})
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Thermal System
° q - KA@

A0 :temperature difference  [°C]

0 : heat flow rate [keal / sec]

K : coefficient | keal /(sec-°C) |

specific heat: ¢« [keal / (kg -°C) ]

Heat capacitance: C=m-« [keal /°C]
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Heat Flow Rate

Coefficient K: K :A@ (conduction)
X

= HA (convection)

k =thermal conductivity, [kcal /ms°C]

A = area normal to heat flow, [m?]

AX =thickness of conductor, [m]

H = convection coefficient, [kcal / m*s°C]
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Heat Balance Equation

_—
q-dt=C-dég
dé ¢
t C
1"."" Seoul National Univ. Spring 2008
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Thermal Resistance / Capacitance

e Thermal resistance

_ change in temperature difference ['C]

R
change in heat flow rate [kal /sec]
_Af Rl
R K

e Thermal capacitance

g _changein heat stored [kcal |

“dé  changein temperature| °C |

=m-cC (mass [kg]- specific heat[kcal /(kg - °C)])

déo

_4
t C
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Thermal System : Thermometer System

1 AD ambient temperature ¢ :constant

q=KAfI, R=—, Qq=— _
K R bath temperature 6 +6,, 6, : constant

qdt =Cdé#
C : heat capacitance of the thermometer
C, : heat capacitance of the fluid

R :thermal resistance

— Bath (0+6,)-(6+0) ¢,-0
4= R R
do 1
o = —t=%=ﬁ(6’b—9)

2206 1
/ "T'F_eb(s)_RCs+1

o(t)=6, (1_6;&)

>t = Qb(t)=9
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Thermal System : Thermometer System

['hermometer

When g applied,
(dg, 1
dt—CJq q)

1
9 =E(0b—0)

dg 1

E_Cq /\/
dg 1 1 1 o 1, 1

— = — 9b+ 0"‘ qi’ - — H+ Hb
d RC, " RC, C, dt RC  RC

N

— Bath

(RC,s+1D)0O,(s)=0(s)+RQ.(S), (RCs+1)O(s)=06,(s)
= (R*C,Cs’ + RCs +RC,s)O(s) = RQ.(s)

() = 1 ~ 1 (C<<C,, RCissmall)
Q(s) s(RC,Cs+C,+C) sC,
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Thermal System : A Steel Processing Plant

Hot steel 1200°C

<« AX _>V

< »
<% P

LN N/ N/ N

i i |

Lubricant breakdown at 755°C

e Large slabs of red-hot steel

o T

steel

= 1600°F : almost constant

* T, = 100°F (ambient temperature)
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Thermal System : A Steel Processing Plant

T, :ambient temperature

R, : thermal resistance between the slab and the rollers (conduction)

R, :thermal resistance between the rollers and the ambient air (convection)
and the bearing support (conduction)

Thermocouple : Produce voltage proportional to its temperature

H(t)“

roller : mass=m, specific heat capacitance = C_ [kcal / kg°C]

t

[min]

heat capacitance=C =m-C_
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Thermal System : A Steel Processing Plant

<« —>

A
A 4

1
¢, =—(T,-T,)
| R
NN N NN N 1
g, = _(T T)
RZ
\
dT,
Heat balance: m-C " =0, -0,
=— i+i T + 1TS+ 1 T,
ql Rl R2 R1 R2

V(S) o

\/*\ semsor: ) Trerr VAT

/ X=V+ [V (7 : time constant)
if, x>x, = stop

X< X —> restart

cr
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Thermal System : A Steel Processing Plant

Stop the process or

V >
dv : Algorithm
dt
X=V+ pV

if,

» increase the distance
between the slabs AX

X> X, stop
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