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Fundamentos do projeto de precisao

Pensamentos criticos
- Se vocé esta contente com algo, contorne
- Se vocé esta descontente com algo, contorne

o Sempre pode haver uma solucao melhor, tente novas

abordagens

- Vocé pode projetar um sistema para ser insensivel ao

meio, ou vocé pode isolar o sistema do meio

- Se vocé nao consegue resolver um problema pelo
seu comeco, comece pelo fim e trabalhe no sentido

Freverso

PMR-3501
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Diamond turning an acrylic dome

PMR-3501 https://www.youtube.com/watch?v=jxWbz0Wf2rM
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Introducao

[ Mar:cais J

>

=
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Mancais sdo elementos de maquinas
que tem por funcdao basica absorver
carregamentos, e onde o movimento de
translacao em qualquer direcao deve

ser minimizado, deixando livre somente

a rotacao em torno de um eixo. J
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Guias sdo elementos de maquinas gque
tem por funcdo basica absorver
carregamentos, e onde o movimento de
rotacdao em qualquer direcao deve ser

minimizado, deixando livre somente a

translacao ao longo de um eixo. Y,
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[ Mancais/Guias aerostaticas }

|

> Projeto complexo (mais do que os hidrostaticos)

> Fabricacdao complexa (mais do que os hidrostaticos)
> Baixa modularidade

> Sem atrito, desgaste e stick-slip

> Baixa capacidade de carga

> Nao necessita de sistemas de retorno e resfriamento
> Baixa rigidez

> Elevado amortecimento

> Alta velocidade

https://www.physikinstrumente.com/en/produ . g~
cts/air-bearings-stages/a-60x-piglide-rt- > Elevada exatidao

rotary-air-bearing-module-900719/

PMR-3501
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v

Orificio

\ 4

Capilares
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Flexiveis
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Porosos

Valvulas sensoras de pressao Restritor de fluxo
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: Rasgo

v

Fluxo constante
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A 4

i Estabilidade inerente
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[ Restritores de fluxo J

Aerostatic thrust bearing fed through an inherent orifice restrictor
P

|
Apzr:
r_ ///pn

IR,

Dia. 40 mm, h, =5u
Load capacity = 46.2

< Aerostatic thrust bearing with porous restrictor

i P
A
//P.
2R, i
L . il
Dia. 40 mm, h, = 5 um a
Load capacity = 91 N

PMR-3501

Aerostatic thrust bearing with simple orifice restrictor
pa 3

[
A,
// Pa

I

R, |

IR, -

Dia. 40 mm, h, = 5 um
Load capacity = 91 N

¢ Aerostatic thrust bearing with grouped inherent orifices »

Dia. 40 mm, h, = 5 um
Load capacity = 150.8 N 11

http://www.tribology-abc.com/sub20.htm
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< Aerostatic thrust bearing fed through a narrow groove » ¢ Aerostatic shallow pocket thrust bearing 2

(IIL L

--.—2R1 — -

R,
Dia. 40 mm, hy, = 5 um Dia. 40 mm, hy, = 5 um
Load capacity = 208,3 N Load capacity = 240,7 N
< GROOVE COMPENSATED AIR BEARINGS . » 4 Aerostatic thrust bearing fed through a porous ring shaped area »

-
=R

-—— QR —®

Pr

2Ry

. Dia. 40 mm, h, = 5 um
Dia. 40 mm, h, = 5 um Jo9 12
Load capacity = 303,1 N Load capacity = 2_19 N
PMR-3501 http://www.tribology-abc.com/sub20.htm
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Anélise do restritor ]
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Orificio sem rebaixo Orificio com rebaixo
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[ Analise do restritor

-

o

N
—

Orificio sem rebaixo

 o— Actual pressure profile
- Inertia losses
\\\

—®  Pressure loss through orifice

7/ Theoretical viscous pressure profile

1" ’J Pressure recovery in bearing film

\\1\

\\\ h

-
3
-
i
3
I

Orificio coem rebaixo

Secondary pressure loss at pocket edge
- Actual rofil
Prensum loss / ual pressure profile

(hmugh orifice — Theoretical viscous pressure profile

\|

>/[< Pressure recovery in bearing film
{
Po Ppl P\

Slocun, A. Precison maschine desgn, Society of Manufacturing Engineers, 1998
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[ Fluxo de massa atraves do restritor do tipo orificio ]

-

a— Actual pressure profile
lncm 2 losses

‘—T—F Pressure loss through orifice
—L.—~— __ Theoretical viscous pressure profile

.V;’;
ol e

Pressure recovery in bearing film

PMR-3501

. 2V P\Vv
1\ o=y DRT{()
M\ my = 7,48X10%.C,. dfh—

2

Diferenca de pressao

[(v+1) v—1

Slocun, A. Precison maschine desgn, Society of Manufacturing Engineers, 1998
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Fluxo de massa através do restritor com rebaixo ]

)

Pt
. 2
d, P, _n.dOZ.PO.Cd[ 2v P\
b T 1-62 Lw=DRTQ\FR

P
Ty = 1,87X104.Cd.d5.P—°

a

Diferenca de pressao

- }."|' Secondary pressure loss at pocket edge v
- e / | - Ap eSS LUe e —
P v ﬁ, ’, /4 A«.l‘ual plulxuu ‘pm_hlc — Pp zv v—1
through orifice ,/_,,-‘:— Theoretical viscous pressure profile P
b s =
e P, (v+1)
[‘—-~—A
| ‘:‘,,\_L_,_-_ ~
\‘\P[/ Pressure recovery in bearing film Fa tor de com penSa gaO
“\
\\ lll {‘ dO
Po Pp Pi | 5L =
4.dp. h

PMR-3501 Slocun, A. Precison maschine desgn, Society of Manufacturing Engineers, 1998
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[ Pads / Sapatas }
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[Retangulares} [ Circulares ]
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[ Mancais de sapata circular ]
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Mancal anular
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= Uma sapata circular aerostatica de 140mm de diametro deve ser

projetada para suportar 700N de carga, e ter uma rigidez de
70N/um.

= Dado que a razao de pressao Po/Pa = 5, h, = 20um.

= Determinar a rigidez tedrica e compare com a especificada,

determine o consumo de AR e determine o diametro do restritor.

P, ‘

PMR-3501 Slocun, A. Precison maschine desgn, Society of Manufacturing Engineers, 1998
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M N pr/

le .
= d, = 140mm, R, = 70mm [ l
= Kproj = 70N/um

o S

////,,

0,27.1.(70)%(0,405 N/mm?)
max — 20

Kmax = 8417 N/um @B Kpro; =70 N/um

22
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N7

| dO - 140mm, RO — 70mm
n KprOj — 7ON/|lm

| ’i

o “.

0,34 . hg_ poz
3,24X10°6 . 2 log. ()
l

R—O = 20 = recomendacgao
i

Q = 3'4X10_5m3/5

23
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= dy = 140mm, i
[ o~ : Py /P 8/
= R, = 70mm e N R
- | \\4_,// . ol
= Kproj = 70N/pm = o o e o
8 r\\xiz\\\ i
u PO/Pa =5 (atm) 8 (.15 o W “
= \\
= ‘\\
u Pa - 1 atm 2 0.10 4. .. AR
* ho = 20um
. df =7 0.00 |
0! A A | 10
. h2 Figure 9.3.28 Pocketed circular thrust bearing stiffness where R;/R, = 0.05, Cq4 =
df — 0-""o 0.8, and v = 1.4. For inherently compensated bearings, multiply the ordinate by 2/3.

31,55X10°.2log, %)
l

Ag.E=2277

24
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Exemplo de dimensionamento

K.h, 70 N.um~.20um K.hg Po_ ..
= 0,27 — =5atm
. R3(Py — a) 7.702 (0,405 N/mm?2) . R2(Py — P,) P,
(.30 j
AS'E'PO'h """"""""""""""""""""""" Yoy 875
dr = _ R
31,55X10 .ZlOge (R—) !
' = AN
- NNIINN
AS.E = 0,85 8° (.15 - Yw
2 010 -
. 0,85.0,506N. mm~2.(20X1073)% mm? |
r - 31,55X106 .2 log, (20) 005 -
df = O,91mm 0.00 ; : ——— : — =i
0l r AE 0’851 10
Figure 9.3.28 Pocketed circular thrust bearing stiffness where R;/R, = 0.05, C4 =
0.8, and v = 1.4, For inherently compensated bearings, multiply the ordinate by 2/,

25
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aoys

7‘5 (single entry bearings) (9.3.42a)

£ = “ia (double entry bearings) (9.3.42b)

number of orifices per row.

number of orifices per bearing (where there are two rows of inlets N = 2n),

df for inherently compensated bearings

dR for pocket-compensated bearings
Slocun, A. Precison maschine desgn, 26
Society of Manufacturing Engineers, 1998
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Aproximacao por sapatas unitarias circulares

Slocun, A. Precison maschine desgn, 27
PMR-3501 Society of Manufacturing Engineers, 1998
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¢ = Fator de forma
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Sapatas aerostaticas retangulares

dimensionamento

.
e
E
< '
.
4 . '
v “-
‘\
. .

1/) = fator de correcan da pressao 1 I
N numero de restritores nd

PMR-3501

Slocun, A. Precison maschine desgn, Society 28
of Manufacturing Engineers, 1998. pag 597
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Sapatas aerostaticas retangulares

dimensionamento

1.0

0.9

0.8

0.5

0.4

0.3

0.2

01 A | 10
¢ = Fator de forma AsS
1/) = fator de correcéo da presséao

N ndmero de restritores Slocun, A. Precison maschine desgn, Society 29
PMR-3501 of Manufacturing Engineers, 1998. pag 597
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Guias aerostaticas - dimensionamento

0.8

0.7

0.6

0.5

Kh

LB(P 4Py

04

N

0.0

K = parametro adimensional de rigidez
A &= Fator de alimentacéao (feeding parameter) AS

-4

1 . T | samne seas meo s T |

01 1 A E 1

s

10

Figure 9.3.32 Stiffness parameter for rectangular double-entry thrust hcur'ings with
pocketed orifices where a/B = 0.25, Po/Pa=5,Cqg=08,and v =14. For mhcrcpll_v
compensated orifices, multiply the ordinate by 0.67. For single-entry bearings, multiply
the ordinate by 0.75.

_ 3155 nd. nB

1/} = fator de correcéo da pressao P, h, L
N = numero de restritores

PMR-3501

Slocun, A. Precison maschine desgn,

DE SAO PAULO
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LB(P 4Pa)

0.6

0.5

04

0.1

0.0

0l i

1.0

09

0.8

0.7

0.6

0.5

T . . v — v —r—r]
A \‘i | 10
Figure 9.3.33 Load parameter for rectangular double-entry thrust bearings with
pocketed orifices where € =0, a/B = 0.25, Po/Py =5, Cq = 0.8, and v = 1.4. For single-
entry bearings, multiply the ordinate by 0.75.

K = parametro adimensional de rigidez

A &= Fator de alimentacéao (feeding parameter) AE=

31.55 nd. B

1/) = fator de correcdo da pressao P h I
N = nimero de restritores

PMR-3501

Slocun, A. Precison maschine desgn, 31
Society of Manufacturing Engineers, 1998
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Guias aerostaticas - dimensionamento

1.0

09

08 -

0.7

0.6

4 % ] 1.0
- |
09
9 |
|
—_ . { (0.8
Gh P
1 G= ° o =
] &
5 _;_4_:3 W |“,E-| | 0.6
2 | 0.5
g | 0.4
03
1 |
A
L | v g
01 | \\';_ i 10

Figure 9.3.34 Nondimensional flow rate for

rectangular double-entry thrust bearings

with pocketed orifices where a/B = 0.25, Py/Py =5, Cq = 0.8, and v = 1.4. For single-

entry bearings, multiply the ordinate by 0.5.

K = parametro adimensional de rigidez

A &= Fator de alimentacéao (feeding parameter) A=
1/) = fator de correcdo da pressao

N = numero de restritores

PMR-3501

31.55 nd, B

P h L

Slocun, A. Precison maschine desgn, 32
Society of Manufacturing Engineers, 1998
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Formas construtivas

Semiesférico Conicos Cilindricos

N
y.
\
[

\
4
4
/
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Formas construtivas

Semiesférico / plano Yates Axial
S I N o ] _

36
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Mancais radiais
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7 h, 7 lhe | |ng ho | |hQ
9 ________________________________ 6 I 9 ________________________________ 6 T %)I _____________________ 6 I 9 ________ o 6 I
: { ) )
Carga [W] K = d_W
Carga maxima Wo o ‘ de
dWy s
Carga nominal Wo s 05 = deg s
AWy o
| . dego
| ho 37
PMR-3501 !
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Mancais radiais

\w
et
F ragia= 0,3(L—a) DP :
DP 78
KradiaI: 0’6(L_ a) < e [{,
h, )
‘< 0D : ) nD
L I % C!D % L - o o o o o e o o
al | i a
\J y i | i Y \L

38
PMR-3501 Slocun, A. Precison maschine desgn, Society of Manufacturing Engineers, 1998
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Mancais radiais

30 P

(PH* 37

£5)= N-E5(PH)+ 2A 2 (PH)

29/t 3C

Dong-chul Han, Sang-shin Park, Woo-jung Kim, and Jong-won Kim; A study on the characteristics of
externally pressurized air bearings. PRECISION ENGINEERING JULY 1994 VOL 16 NO 3
39
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Mancais radiais

Comparison of static stiffness between dynamic stiffness coefficients

10 U TITIDITITOI L LToIrnmiiic LT LJ;, VJK'\
: __.. e - [—I'_1 YL-,,
] 0.8 MPa '

Fdbtd

_________ B/D = 38/60 ||
C=10 um :

= 1.0

= 0.
1

- — — static .
e . dynamic PRI

qE oo

Dimensionless stiffness coefficient v, (4

o
]
|
4
-
1
4
1
o

10 1V 10 10° 10 7

. ) ) . " 40
Dong-chul Han, Sang-shin Park, Woo-jung Kim, and Jong-won Kim; A study on the characteristics of externall
PMR-3501 prese ; GIR ¥ ) ’

pressurized air bearings. PRECISION ENGINEERING JULY 1994 VOL 16 NO 3



PMR-3501

) ESCOLA POLITECNICA DA UNIVERSIDADE DE SAO PAULO

Mancais radiais

Feeding parameter versus stiffness and damping coefficients (Ps = 6)

8
— 7
P,
% 6
S s
@
g 3
g 3
17
S 2
E
o B |

0

Feeding Parameter I's ;“_____1 a1

Dong-chul Han, Sang-shin Park, Woo-jung Kim, and Jong-won Kim; A study on the characteristics of externally 4

pressurized air bearings. PRECISION ENGINEERING JULY 1994 VOL 16 NO 3
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Mancais radiais

Influence of B/D ratio

g 1 L
= F o
¢ 0 r Bt
= : 1N I
2 15 F
ki - 410
£ 10t
W S
S C e
s °F
e i mar i ST SN E LT |
0.01 0.1 i 10

Feeding Parameter I's

PMR-3501 Dong-chul Han, Sang-shin Park, Woo-jung Kim, and Jong-won Kim; A study on the characteristics of externally 42
) pressurized air bearings. PRECISION ENGINEERING JULY 1994 VOL 16 NO 3
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Mancais radiais

Influence of number of supply restrictors (A=1, Ps=6)

10
J
E T e i h R SR ST R Tk Lt o ot bt LT R FERETR L
& I S -
é“ 1§ 12 supply restrictors—{__
10 supply restrictors-.,
g T 8 supply restrictors-
% 4 supply restricto
S 1.0 RN NEREE IR
= 1 B/D=38/60
o Il C=10 pm
E T Ps = 0.6 Mpa
g 1] e=01
R I
= N
& i . A iierT Ll
E
=
0.10
10 ° 10 10 7 10 ° 10!

Feeding parameter I's

PMR-3501 Dong-chul Han, Sang-shin Park, Woo-jung Kim, and Jong-won Kim; A study on the characteristics of externally 43
) pressurized air bearings. PRECISION ENGINEERING JULY 1994 VOL 16 NO 3
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Influence of supply pressure (A=1, n=12)c

tY]]
[
-

1en

less stiffness coeffic
-
=

=
2
W
=
a2
E
=
0.10
10° 107 10 10° 10’
Feeding parameter I's
Dong-chul Han, Sang-shin Park, Woo-jung Kim, and Jong-won Kim; A study on the characteristics of externally 44

PMR-3501 pressurized air bearings. PRECISION ENGINEERING JULY 1994 VOL 16 NO 3
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Mancais radiais

Stiffness coefficients versus eccentricity (A=1)

3.00
;’E
- 2.50
g
e 200
g 1.50
£ 100
" n=12
g Y 2
g 0.00 B .. ............................. - -
£ 7
& -0.50 1 | |
0 0.1 0.2 0.3 0.4 0.5

Eccentricity £
PMR-3501
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Mancais radiais

Damping coefficients versus eccentricity (A=1)

0.40 L BfD = 38\’60 .....
C=10 pm
A=10

n=12

0.20 -

H H H
H . i
H v H
H H v H H
H H H
Y H H H
1 Ll - Il "
H H H H H
01 e eI EE Ty Jumastattaarnrrr . N .
H H ] H H
- H H H H H
' : v H H
H : 4 H H
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H H H 1 H
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Dimensinless damping coefficient B

-0.10 | | ': | |

Eccentricity £
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Comprando Hidrostaticos vs Aerostaticos

LUBRIFICANTE A FILME FLUIDO
CARACTERISTICAS Liquido Liquido / AR AR
NIVEL DE VIBRACOES OO SO OO *
CAPACIDADE DE CARGA DD @ ®
AMORTECIMENTO OO L LR
RIGIDEZ DS @ ®)
AQUECIMENTO BHE @ ©eC
DESEMPENHO EM BAIXA VELOCIDADE ®) OO LOE
DESEMPENHO EM ALTA VELOCIDADE D) OO LOE

Onde: ©O© - excelente, ©©- bom, ® - moderado, ® — regular, ®®- ruim e 0 — ndo aplicavel.

* se bem projeto e fabricado

PMR-3501
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