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Q@=Q@ (â) xrwr `=aW RQt QO CaQU xm OyO|t u=Wv CqO=at u}= QO x}rw= \}=QW
"CU= QiY

AtB |m} R}i |=yQDt=Q=B Q@ sm =L \@=wQ "3"3
w p=}U Q=Wi =D OwW|t x�=Q= xr�Ut QO QF-wt |=yQDt=Q=B u}@ |x]@=Q VN@ u}= QO
"O}; CUO x@ �|oOQWi u=R}t� `=aW Q}}eD ?ULQ@ xDUwB u=UWm Q=Wi w lDre
`} RwD w xOW |Q=Po}=H TmwDU= � Q} w=v CqO=at QO pL |=Q@ Q}O=kt u}= TBU
'5 pmW QO "O};|t CUO x@ xrwr |xty QO u=mt R= |a@=D CQwYx@ |@O w CaQU

"CU= xOW xO=O u=Wv lDre \UwD |oOQWi CLD |xrwr R= |WN@
Q=Qk xDUwB l} QwO x@=Wt |}xrwr |m}Dr=DU} QB AtB QO '5 pmW x@ xHwD =@
z Q}eDt x@ 'u; \UwD xOW O=H}= |Q=Wi Gwt xm F Q=Wi =@ |mDre w CU= xDiQo
|oOQWi xrwr |wQ Q@ 'CU= xDU@=w lDre OwN CaQU w �u=tR� t w �xrwr pw]�
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�cL � R2) Q=Wi w (a = â

R )

xm O};|t CUO x@ (ŵ) |ki= CaQU `} RwD |xrO=at '|RQt \}=QW uDW=O w
� Q} w=v 3 |xrO=at QO �8 w 6 \@=wQ� =yQ=Wi w `=aW \@=wQ |Q=Po}=H =@
CUO x@ �`=aW ?ULQ@� xrwr |=DU=Q QO p=}U CaQU '=yu; pL w TmwDU=

%O};|t

ŵ = c
4 � ( 1

�c
)� dP̂

dẑ
� (r̂2 � â2) (8)

ŵ = (�1
4� )� ( 2�

� � F0 sin( 2�
� � (ẑ � ct))

� 2�
�h(1��2) sin( 2�

� � (ẑ � ct)))
�(r̂2 � (R+ b� cos( 2�

� � (ẑ � ct)))2)

(9)

%O};|t CUO x@ |@O 'CaQU uDW=O x@ xHwD =@ TBU
q̂ = �c(R2 � â2)�
( �8� )� 2�

� � ( 2�
� � F0 sin( 2�

� � (ẑ � ct))
� 2�
�h(1��2) sin( 2�

� � (ẑ � ct)))� â4
(10)

Gwt pw] w xrwr |UOvy |=yQDt=Q=B u}@ \@=wQ "4
|UOvy O=a@= w Gwt pw] u}@\@=wQ w (b) sRq |oOQWi u=R}t O}=@AtB |L=Q] |=Q@
l}D=tW CQwYx@ xrwr |xDUwB |=vLv= |xwLv 6 pmW QO "OwW x@U=Lt lDre

"CU= xOW xO=O u=Wv
%6 pmW x@ xHwD =@

(�4 )2 + (R� b)2 = R2 (11)

pw] u=wD|t '(b) xrwr |oOQWi u=R}t w (R) lDre `=aW uDW=O =@ xH}Dv QO
`=aW Q=Okt OwHwt xr�Ut x@ xHwD =@ "OQw; CUO x@ =Q (�) xrwr |oOQWi Gwt
w xOW u}}aD x=wNrO |Q=Okt (Rdisk) u=QwO RmQt =D xrwr \Uw R= AtB |xLiY
CUO x@ 'u; Ct=N[ w xrwr Q]k x@ xHwD =@ 13 |x]@=Q R= R}v xrwr |oOQWi Q=Okt

"O};|t
xO=iDU= u=wD|t 12 |UOvyt |x]@=Q R= (b) |oOQWi Q=Okt |x@U=Lt |=Q@
p@=k y |oOQWi OYQO 20 =D 10 OwOL� OwW x@U=Lt sy ?U=vt u=R}t =D OQm

"lDre Q=Wi \UwD xrwr QO xOW O=H}= |oOQWi "5 pmW

pY=L |=ywQ}v %R= Ov=CQ=@a xrwr |oOQWi CtUk QO xOW p=ta= |=ywQ}v
"lDre |wQ}v Q=Wi w xrwr |oOQWi R= |W=v u=UWm Q=Wi '|vwQO p=}U Q=Wi R=

"OvDUy |a=aW =ywQ}v |xty
xrwr xDUwB Q@ OQ=w |oOQWi R= |W=v u=UWm Q=Wi 'xDUwB w jQw |x} Q_v j@]

[23]%=@ CU= |w=Ut 'â Q}eDt `=aW w R `=aW =@

FE = E(â�R)
h(1� �2) (4)

Ct=N[ w nv=} pwOt R= |a@=D xm CU= xrwr |DiU ?} Q[ E
h(1��2) u; QO xm

`=aW R w xrwr |rLt `=aW â u}vJty "CU= u; (�) uU=wB ?} Q[ w h xrwr
CtUk QO xm =yQ=Wi pO=aD x@ xHwD =@ TB "CU= |oOQWi uwO@ Cr=L QO xrwr
Q=Wi w p=}U |vwQO Q=Wi w xrwr xDUwB |WWm |wQ}v u}@ 'xOW xO=O K}[wD p@k

%CU= Q=QkQ@ Q} R pO=aD |x]@=Q lDre |HQ=N
P̂ = E

h(1� #2) � (â�R) + FRoller (5)

x@ C@Uv `=aW |oOQWi u=R}t (â� R) w xrwr QO p=}U Q=Wi P '5 |x]@=Q QO
xOW xDiQo Q_v QO \@=wQ "CU= lDre Q=Wi R}v FRaller &CU= V=x}rw= Cr=L

%R= CU= CQ=@a (â) |rLt `=aW |=Q@

â = R+ b� cos( ẑ � ct
�
� 2�) (6)

|oOQWi xv}W}@ 'Qo}O CQ=@a x@ 'CU= xrwr |oOQWi Gwt |xvt=O u=R}t b u; QO xm
|Uwv}Um Gwt pw] =@ Q@=Q@ R}v � "CU= b pO=at '=yDv= =D R `=aW |=OD@= R= xrwr

"CU= xrwr |oOQWi
xm xOW xDiQo Q_v QO |Uwv}Um |Hwt CQwYx@ (FRoller) lDre Q=Wi

%Ovm|t Q}}eD `=aW Q}}eD Gwt=@ R=isy CQwYx@

FRoller = F0 � cos( ẑ � ct
�
� 2�) (7)

|Q}ou=tr= x@ xHwD =@ p=L "CU= lDre Q=Wi |OOa |xvt=O u=R}t F0 u; QO xm
C=YDNt x=oDUO xm |Dr=L QO w |oOQWi |x}L=v QO p@k CtUk QO xOW s=Hv=
x@ xHwD =@ CqO=at '�z = ẑ � ct |@Uv C=YDNt� xOW xDiQo Q_v QO Gwt |wQ
"OwW|t |Q=Po}=H TmwDU= � Q} w=v CqO=at QO R}v q=@ \@=wQ w OwW|t Oa@|@ u;
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Ovyt Oy=wN |L=Q] xvwtv |=Q@ C@=F O=OUv= �lDre 4� |mDre AtB xar=]t u}= QO

R}v Q_v OQwt p=}U &OwW|t xDiQo Q_v QO Q=@ 7 AtB p=}U |xv}W}@ Q=Wi "OW
w |UOvy Q}O=kt '|m}Dr=DU} QB |Q=HD |=yAtB nwr=D=m x@ xaH=Qt =@ "CU= ?;
xOt; CUO x@ \@=wQ QO =D OwW|t ?=NDv= AtB |L=Q] |=Q@ R=}v OQwt |m} R}i
|oOQWi ẁtHt 14 |x]@=Q j@=]t xH}Dv QO "OvwW |Q=Po}=H p@k |=yCtUk QO

%=@ CU= Q@=Q@ (b0) xrwr pm ?U=vt
b0 = 0 0066m ' 6mm (14)

&CU= QDt|r}t 6 'xrwr hQ] wO Qy ẁtHt QO ?U=vt |oOQWi u=R}t `k=w QO
3 'OwW|t xOQWi hQ] wO Qy R= xrwr xm u}= ZQi =@ |oOQWi |xvt=O u=R}t =t=

"OwW|t xDW=Po Q=Okt u}= C=@U=Lt QO TB "CU= QDt|r}t
b = 3mm (15)

u}}aD pmW |wQ}=O |xLiY Q]k w xrwr R}=U =@ ?U=vDt O}=@ lDre `=aW p=L
`=aW swU l} OwOL |v}tND CQwYx@ OwHwt |Q=HD |=yAtB lDre `=aW "OwW
7 5 `=aW |=Q@ xH}Dv QO [25]&Ov=xOW pYDt u; x@ =ylDre xm CU= |}xLiY
=D 'CU= ?U=vt lDre |=Q@ |QDt|Dv=U 1 5 `=aW 'AtB xLiY |QDt|Dv=U
|Q=Po}=H =@ TB "s}W=@ xDW=O |@U=vt Gwt pw] w OvW=@ sy QDlJwm =ylDre

"O};|t CUO x@ R}v � '11 |x]@=Q QO O=Oa=

xrwr u=UWm |Q=Wi |wQ}v "1"5
Q=Okt |=R= x@ u=wD@ xm u}= |=Q@ Cio O}=@ (E) |v=UWm ?} Q[ u=R}t =@ x]@=Q QO
Q=Okt O}=@ |v=UWm ?} Q[ 'OW=@ xv}y@ |oOQWi u=R}t 'lDre Q=Wi R= |YNWt
|oO}yr Q=JO xrwr =D OW=@ sm O}=@ xrwr |v=UWm |wQ}v u=R}t u}vJty "OW=@ |tm
OwHw xrwr QO R=}v OQwt |oOQWi u} QDW}@ lDre |wQ}v R= sRq OL u} QDtm =@ w OwWv

"OW=@ xDW=O
10uwm}r}U =} [27w26] PVC Ovv=t q=@ s=wO w h=]av= C}r@=k =@ 9sQv |xrwr l}
QO u; |v=UWm pwOt xm PVC ?=NDv= =@ xr=kt u}= QO &OwW ?=NDv= Ov=wD|t
Oy=wN 3 6 Gpa OwOL xrwr 11|DiU u}vJty 'CU= p=mU=B 6=6�106 OwOL
|xOQ=w |wQ}v xm =D OwW|t xDiQo Q_v QO E OL u} QDtm 'CU= QmP x@ sRq [28]"Ow@
xrwr l}DUq= |wQ}v VvD w Q=Wi |xv}W}@ TB "OwW xv}tm xrwr xDUwB Q@ 'l}DUq=

"O};|t CUO x@ 16 |x]@=Q QO O=Oa= |Q=Po}=H =@
max( E

h(1� �2) ) = 21 7� 107pa (16)

(F) lDre Q=Wi u=R}t u}}aD "2"5
Q=Wi u=wD|t �5 |x]@=Q� xrwr |xDUwB Q@ OQ=w |=ywQ}v |xvR=wt uDiQo Q_v QO =@
wO Q=Okt O}=@ F |wQ}v u}}aD |=Q@ 15 |x]@=Q x@ xHwD =@ "OQw; CUO x@ =Q lDre
Q=Wi pO=at xD@r= p |wQ}v Q=Wi Q=Okt "s}v=O@ =Q E

h(1��2) � (â�R) w P Q=Wi
pY= QO w xOW ^=Lr uwQ}@ |=wy Q=@ l} Q=Wi ?=UDL= =@ |va} &CU= x_iLt
p=}U Q=Wi xm u}= x@ xHwD =@ "CU= xOW xDiQo Q_v QO Q=@ 8 xrwr pN=O p=}U Q=Wi
=@ (F0) lDre Q=Wi xv}W}@ 'xOW x@U=Lt QDW}B |v=UWm Q=Wi w xOW ?=NDv=

"CU= x@U=Lt p@=k |DL=Q x@ 15 |xrO=at QO |Q=Po}=H
=@ R=isy CQwYx@ xm CU= |Q=Wi '(FRoller) lDre Q=Wi OwW|t Qw;O=}
Gwt pw] =@ |Uwv}Um CQwYx@ =Q `=aW C=Q}}eD Qo = |va} &Ovm|t Q}}eD a `=aW

[18]%�CU= pw@k
y = (2h� g)

2h � 100 �|oOQWi� (12)

xrwr Ct=N[ =@ Q@=Q@ h w |oOQWi u=R}t u} QDW}@ QO xrwr |HQ=N Q]k g u; QO xm
Q}O=kt x@ xHwD =@ xm 'xOW xDiQo Q_v QO OYQO 40 `=aW x@ Ct=N[ C@Uv "CU=
|rw=ODt C@Uv |rm CQwYx@ Q=R=@ QO xOW O}rwD |=yAtB |=ynwr=D=m QO OwHwt
xDiQo Q_v QO OYQO 15 (y) O=OUv= u=R}t '13 |x]@=Q x@ xHwD =@ p=L "CU=

%CU= xOW x}YwD [20]`HQt QO u}vJty "OwW|t

b = 2ROD + 0 3h (13)

"CU= xrwr |HQ=N `=aW ROD u; QO xm

|m}Dr=DU} QB AtB xvwtv l} |L=Q] "5
%CU= xOt; 7 pmW QO AtB |L=Q] |=Q@ xOW xDiQo Q_v QO s=o x@ s=o VwQ

"AtB |L=Q] |xwLv CQ=Jwri "7 pmW
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"CU= xOW |UQQ@ xrwr |wQ R= lDre Qw@a
"OQ}o|t OwN x@ |ivt Q=Okt CaQU xm OwW|t xOy=Wt 9 pmW x@ xHwD =@
xO=O K}[wD xt=O= QO �|oOQWi R= TB� lDre CWB QO u=} QH CWoQ@ u}= Cra

"OW Oy=wN
OQwt |oOQWi Cr=L QO xrwr RmQt xm r = 0 R= '8 pmW Q=Owtv x@=Wt u}vJty
CaQU =@ |DWoQ@ u=} QH l} 'OwW|t QiY Q@=Q@ CaQU xm u; RQt =D CU= Q_v

"OwW|t xOy=Wt 8 pmW Q=Owtv QO CaQU |r@k Q}O=kt u=ty |rw |ivt

|oOQWi pw] QO CaQU CyH C=Q}}eD |UQQ@ "2"6
&CU= |ivt |a=aW xR=@ QO CaQU 'OwW|t xOy=Wt 9 pmW Q=Owtv QO xmu=vJ
CWB QO p=}U =t= 'xOW xOv=Q wrH x@ p=}U R= |v=R}t xrwr x@ lDre Q=Wi QF= QO |va}
l} O=H}= Ea=@ u}= w OwW|t xO}W=B ?ka x@ xrwr R= u; Qw@a =@ u=tRsy lDre
u}= xrwr |@Uv |Ovr@ p}rO x@ xm xOW ZQi xD@r= "OwW|t x}L=v u; QO |ivt |@O
'O};|t uwQ}@ lDreQ=Wi pLt R= xrwr xm |Dr=L QO xOW xOv=Q ?ka x@ p=}U u=R}t
w OwW|t QiY u; Xr=N CaQU w xOW |FvN =H u; QO wrH x@ wQ |@O COW =@
=OwOL xm |DWoQ@ ?; lOv= sHL x@ xHwD =@ "OwW|t xDN} Q uwQ}@ |Oa@ lDre =@
GvB `=aW =@ QDR=@ x}L=v x@ uO}UQ =@ w xOQm QPo QDt|r}t l} `=aW =@ `]kt l} R=
|FvN w uOW wUty ZQi 'OwW|t xH=wt wrH x@ wQ CaQU QB p=}U =@ '|QDt|r}t
p=}U CWoQ@ pLt 10 pmW QO "CU= |rwkat ZQi 'CyH hqN CmQL uOW

"CU= xOW XNWt l}D=tW CQwYx@ ZwQit pLt QO
`@=D xm =Q} R &Ovm|tv O=H}= xOW x@U=Lt |@O u=R}t QO |Q}}eD q=@ ZQi xD@r=
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=Q CaQU `} RwD w OQw; CUO x@ =Q |oOQWi R= Cr=L Qy QO (â) xrwr |rLt `=aW
`=aW xm 5�

4 R=i |=Q@ CaQU `} RwD 8 pmW QO 'p=Ft |=Q@ "OQm sUQ =yx}L=v u; QO
%CU= xOW xO=O u=Wv 'CU= R� bp2

2 Q@=Q@ (â) |rLt
CaQU 'Qw@ Rt |x}L=v |a=aW |xR=@ QO 'OwW|t xOy=Wt 8 pmW QO xm u=vJ
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"swO |x}L=v QO Q=Wi `} RwD Q=Owtv "12 pmW

swO |x}L=v "2"3"6
swO |x}L=v 'Ovm|t Q}}eD R� b x@ R R= u=tR pw] QO xrwr `=aW xm ZQi u}= =@
"OwQ|t � R=i x@ �=2 R= 'â `=aW R=i |x} w=R |va} &CU= pw= |x}L=v Ovv=t R}v
12 pmW QO Q=Wi Q}}eD Q=Owtv '(z = ẑ� ct)z C=Q}}eD ?ULQ@ p@k x@=Wt TB

"CU= xOt;
Ciy x@ Q=@ QiY R= x_iLt Q=Wi 'Q=_Dv= j@=]t 12 pmW Q=Owtv x@ xHwD =@
|oOQWi hQ] wO QO uQ=kDt CQwYx@ Q=Wi 'Q=Owtv wO x@ xHwD =@ TB "OUQ|t Q=@

"OwW|t `} RwD xrwr
swU |x}L=v "3"3"6

|wQ}v u}=Q@=v@ w OwW|tv OQ=w xrwr x@ lDre hQ] R= |Q=Wi 'x}L=v u}= QO
(â = R) OQ=Ov OwHw xrwr QO |oOQWi xvwoI}y w CU= QiY Q@=Q@ lDre
xm CU= xrwr R= uwQ}@ |=wy Q=Wi =@ pO=at ,=@} QkD xrwr pw] QO Q=Wi TB
p}rO x@ QDj}kO |UQQ@ |=Q@ "�CU= QiY x_iLt Q=Wi� CU= Q=@ l} OwOL
T=U= Q@ w xOQWi Q}e Cr=L QO lDre wO u}@ p=}U lOv= CaQU OwHw
p}rO x@ xm Cio u=wD|t uwQ}@ |=wy w xOQWi |x]kv u}@ |rwvQ@ |xrO=at
|@Uv <qN |awv w CU= QDsm =wy Q=Wi R= |tm u; Q=Wi p=}U sm CaQU
x@ p=}U CaQU uwJ =t= OQ=O OwHw xrwr QO pN=O x@ p=}U Vmt |=Q@
xDiQo Q_v QO Q=@ QiY p=}U x_iLt Q=Wi 'CU= sm Q=}U@ =wy Q=Wi Oy C@Uv

"OwW|t

"�xrwr |oOQWi R= Oa@� lDre CWB |DWoQ@ u=} QH "10 pmW

C}=yv QO =t= "Ovm|t ^iL =Q OwN pmW |OwOL =D `]kt xm xOW s=Hv= ZQi u}=
x@ 17 |x]@=Q R= xm CiQo Q_v QO `]kt u}= |=Q@ |m}rwQO}y Q]k l} u=wD|t
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P
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"CU= xOW sUQ 13 pmW Q=Owtv QO
|oOQWiC}=yv QO =Q xrwr 'lDre =OD@= QO OwW|t xOy=Wt 13 pmW QO xmu=vJ
`=aW x@ u=tR Q}}eD =@ xrwr w xOQm Qw@a u; |wQ R= TBU w �� |a=aW R=i� xO=O Q=Qk
xm xv}tm `=aW pLt |=OD@= R= |@O MQv "��2 R=i� OOQo|tR=@ R |va} OwN x}rw=
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s�qa CUQyi
&(m=s) lDre VNQJ CaQU %c

&(m) |oOQWi |xvt=O %b
&(N=m2) |v=UWm pwOt %E
&(pa) xrwr |WWm Q=Wi %FE

&(pa) lDre |xv}W}@ Q=Wi |xvt=O %F0
&(pa) lDre Q=Wi %FRoller

&(m) xrwr Ct=N[ %h
& (kg=m3)|r=oJ %�
&(pa) p=}U Q=Wi %P

&(m3=s) AtB |@O %q
&(m) `=aW Q}eDt %r

&(m) AtB xrwr `=aW %ROD
&(S) u=tR %t

&(m=s) xrwr ZQa QO p=}U CaQU %u
&(m=s) xrwr pw] QO p=}U CaQU %w

&(m) xrwr pw] C=YDNt %z
&uwU=wB ?} Q[ %�
&(pas) CHRr %�

&(m) xrwr |oOQWi Gwt pw] %�
&(m) AtB |xrwr `=aW %R

"(m) AtB |wQ}=O |xLiY `=aW %RDisk

=D x}v=F Q@ ?amt QDt 0=25 � 10�6 R= |@O "CU= xOW sUQ 'CU= =ylDre
QO |}=yAtB QO ,qwtat w CU= |}q=@ OOa xm CU= Q}eDt 2=5 � 10�6 OwOL
l}Dr=DU} QB |=yAtB QO w OQ=Ov |v=OvJ OQ@ Q=m 'Q=DWwv QO xOW |UQQ@ T=}kt
Q}}eD =@ x=Qty |]N CaQU Q}}eD w CmQL =t= "OwW|t O}rwD |@O u=R}t u}= |DavY
OwN R= p=}U xm OQ=O OwHw =yAtB u}= QO xm CU= |oS} w u=ty lDre CaQU
ẁ[wt u}= p}rLD u}= QO "Ovm|t CmQL lDre =@ x=Qty ,=t=tD w xDW=Ov |UQv}=
=yvD '10 |x]@=Q j@] sy |oOQWi Cq=L |x}k@ =@ x]@=Q QO "OW |}=tR;|DU=Q
|]N |x]@=Q pY= w Ovm|t Q}}eD |oOQWi R=i Q}}eD =@ |]N |x]@=Q -=O@t R= ZQa

"CU= Q=Qk Q@ Cq=L |xty QO

|Q}oxH}Dv "7
\@=wQ R= xO=iDU= =@ =OD@= "OW s=Hv= l}Dr=DU} QB AtB |R=Ux}@W xar=]t u}= QO
QO |oOQWi CLD p=}U Q@ Cq=}U l}v=mt p}rLD '|oDUw}B w TmwDU= � Q} w=v
p=YD= |xkrL OW |aU xrwr |wQ |Q=Wi pO=aD |xrO=at uDWwv =@ "OW s=Hv= AtB
`} RwD C}=yv QO "OwW u}}@D |@ wN x@ u; pN=O p=}U Q=Wi w xrwr |oOQWi \@=wQ u}@
u}}aD |=Q@ |UOvyt |x]@=Q "OW xOQw; CUO x@ CqO=at ltm x@ p=}U CaQU
�OwW|t xrwr |xQ=w}O QO |oO}yr O=H}= sOa Ea=@ xm � xrwr R=Ht |oOQWi u=R}t
l} ?=NDv= =@TBU "OwW u}}aD |}xUOvy Qy =@ xrwr |=Q@ |oOQWi u=R}t =D xOW x�=Q=
CaQU 'QDt|r}t 2 Ct=N[ 'QDt|r}t 3 |rN=O `=aW =@ s=wO=@ w ?U=vt |xrwr
S=BtB |@O 'p=}U |=Q@ Q=@ 7 |@=NDv= |xv}W}@ Q=Wi w x}v=F Q@ QDt|Dv=U 4 VNQJ
4 |=Q=O AtB R= pY=L |@O &Ot; CUO x@ ?amt QDt|Dv=U lDre Qy \UwD xOW
\@=wQ p}rLD =@ u=}=B QO "� ?; |=Q@� CU= xk}kO Q@ QD}r 0 1 OwOL u=NQJ lDre
CaQU =@ xrwr R= x]kv l} QO p=}U CaQU xm OW xO=O u=Wv '=yQ=Owtv w G}=Dv w
p=}U uOw@ |UQv}= uwO@ |ak=w ZQi u=ty =@ u}= w &OQ=O |]N |x]@=Q lDre

=yCWwv=B
1. Hose pump
2. Tube pump
3. �xed occlusion
4. Tang & Rankin
5. Takagi & Balmforth
6. free-inertia
7. continuity
8. mass conservation
9. lowstrength
10. silicon rubber
11. sti�ness
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