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l]lJMES The Derivation Four Poles

PLURDLIE TNV

Solving for A, and B, gives

— 1 v

~ 2Sjwsinh yL (2" -0,) (37)

A (U 38
2Sjmsinh yL " (38)

This gives P(x)= L"Z}/(Q cosh y(L—x)—Q, cosh yx) 39
2Sj@SinhyL "~ L (39)

1 . .

o) = 7L (Q, sinh (L~ x)+Q, sinh yx) . (40)
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PUTUELE 1PN

Evaluating P(x) at x=0 and x=L gives us the boundary values

_ _ pacu y

P(O)=P, = Sosuh 7L (Q, coshyL—Q,) (41)
_ — pacn y _

P(L)=F, Siosinh 7L yL(Q" Q, cosh yL) (42)

Rearranging the above equations

Q =Q, coshyL+P, jo S —~— _sinh yL (43)

ae

2

P =0 Lol ¥ sinp yL+ P, cosh yL (44)
Jjos

0

Eq.43 and 44 relate the conditions at one end of the tube to conditions at the
other end, and in matrix for can be written as:
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I]IJMLS The Derivation Four Poles

o, _|A Bl (45)
P C D||P

where
A=coshyL=D
B ](DS
PoCo
c =P OYsmh yL
jws

Eq. 45 is called the four pole description of a uniform tube of length L
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]]!n The Global Four Poles From Local Four
e tE - Pole Element-Tubes In Series

Tubes In Series: /

1
: /
|

Four pole of the first tube is

|
o) _[4 B[e 400" P
— . 1
i o) e

Four pole of the second tube is

x =0 X
P C, D ||P
o oA Figure 3: Combination of two tubes in series

At the boundary of the two tubes
QL[ — Q{)’l
F.) B
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]E The Global Four Poles From Local Four
A drsonronss Pole Ele_menTs In Series

PURIDIE 775
S

3 P e
R)! Ci Dl C2 D2 BJz

The same principle of connecting tubes in series can be extended to n tubes
QO] — Al Bl AQ BQ An Bn QLn (47)
])Oi C'l Dl C2 D2 Cn Dn I-?Lu
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Thus, we get

PLRODLT UNp i

Branches Tubes: L L,

The four poles for each tube are: Hw=L | —
>
{Qm} _ rAi B, jHQu} L, /
PO] _Cl Dl P},I
~ - Xy =L, X, = 0 =0
{QM}: A B, {Q} =he
I){Jl C2 D2 _ PL2
) L‘ =1L
{Q{)Z‘} - ’_A3 B} {QLB} b— S|
PCB _C3 D3 _ PL3
At branch junction, we have % =0
Q11 = O+ Q0 (48) Figure 4: Branched tubes
FLa=F=F, (49)
Int tional C Engili ing Conf , Purdue Universit
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11.14 The Global Four Poles From Local Four
Pole Element-Tubes In Parallel

ARORATORIES
PURDLE (v

The impedance at point x; is defined as:

F
Ly = ‘Qﬁ“ (49)
From branch junction condition we have
Q()Z and’ P:L] — P{)z (50 a & b)
A
In matrix form we have, {Q“ ! {Q"Z} {61)
02

Qﬂi A B QL?. (52)

Pm Zam c D, || P,
where E,=0 and Q,, istheinput
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__ Pole Element-Tubes In Parallel Y

The two unknown are P,, and Q,,.

We get the impedance Z,,, from

— })03 — C3QL3 +D3PL3

300 — - (53)
Q03 A3QL3 + B3PL3
In this example Q, ;=0
— D 3
Therefore, Loy = (64)
B%
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Example of the General Formulation of
Four Pole Parameters

%RR[CK
ABORATORIES

PURERE VN

The derivation of the general expression is shown in the Appendix -1

PLll

AA 8B
aa | Section-N |
I
. :
Section-L—" 3 : )
N1 e
N v |
Sé}@tian i . M |
//\/ M3 /l :
v |
, BB

Prons {\\/[\‘,11/\\(/ 1 AA

Q‘Al]

Figure 5: Schematic of a multi-cylinder compressor with each
section consisting of several tubes connected in series.
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The final expressions for the pressures are shown below:

C C A0, +A

Bu==—50yn + [c +D,Z,, +—+B, z]{ uu 4,0 ] (55)
AM AM AM AL + AM B LZNH ~l'AI,BM ZNII

PMII =_&QIII (C +D ZVII+C B ZNIIJ( ALQM“.{“AMQL“ J (56)
AI. AL A.‘.-l AL + ALBMZNH + AM BI,ZNH

Q, ;=mass flow rate at location L, (given)

Qu,=mass flow rate at location M,, {given)

P o
Zyy = ML= &
Qvi; Ay
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Illji‘é‘éﬁ,'imms Implementation

PLGIREMEIL CRTY O

Case (a): A case of simple circular tube

Note:

» Four pole parameters is a frequency domain technique and so,
* time domain data has to be converted to the frequency domain
= after calculating pressure puisation in frequency domain, it is
converted back to time domain for any further manipulations.

Simulation data: Refrigerant R410a L=10

Length of tube=I=10inches

Diameter of tube=d =.73inches

Compressor speed =N=3543.3pm
Fluid density =rho =2.411bny/ft’
Speed of sound =c=575 ft/sec

Q}_r Pl

d=.15

J
1
1
1
1
: QZJ P2
1
1
1
|

Mean suction pressure =Ps=157 Ibffin* ¥=0 X=L

Kinematic viscosity =nu =5.12e-4in" fsec
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sz Simulation Code: Simple Tube -I

PIGEDINE DRIy vy

i. Yo A program o caloulate the pressure responses in a circular twibe with the

ivers miass fow rate vector using four pole parameters

A Yo Authior U siv Bilal, Purdue University, Dilsi@ecn purdue.edunasibilal @yahooncom
i % Last Updite: 27 unz0iz

5 clear all; cle; close all

6. aa=load('TData080cl09.&xt"); * file which cortaing the data provided

;

8

Yo details of aa malry

al=time {sec),

1 eol=mass ow rate {ibmisec)
10, %drd col=mearn suction nressure {psi);
. Sdidy col=nothing;
1, O col=pressure 5 caicuiated from simiiation (psi}

13, tho=2.41; % density | 390 dala o
14, rho=rho/{(1273)/386.4; % change to inches
15. ¢=575; % speed of sound (fiYsec):

18.  ¢=c*12; % change
17. Ps=156.387; ‘s
18.  N=length{aa)-1; % '
19, dt=aa(6000,1)/N; % lime incremant
20.  xi=((O:N-TPd); o8 interpolation vector

21,  Qisinterpi(aa{1:N,1),aa(1:N,2},xi); % eterpolated mass flow rate

e 1o inches

speed o in/sen,

5o of data points
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Iﬂls Simulation Code: Simple Tube -

PURDLE TNy

23, Q1=Qi; 2L suchion mass How rate
24, co={f{Q1/386.4) /N/rha); % volume flow rate in the frequency domain

25.  rpm=3543.3; “scampressor speed
26.  Period=60/rom; “Time Parind

27.  T=Period; 2. time period

28.  omega=2'pifT; % rodd/sec

29, =((0:N-1)xdh"

30.  nu=5.12e-4,
3, NN=20; . no, of harmonios
32. %% delining the pressure vectsr o fhe in the freguenc
33, Qiw=zeros{1 fix{N/2+1));

34, QIwW{1:NN+1) = cc{1:NN+1);

35, P2=0; %abschie pressure: const

36. o define the dirmer e ol
37.  Lt=10; = inches

38. di1=758; % inches

39, Si=pl4*(d1)2; » sren of pipe
40. n=2;

41.  Piw= zaros(1,fix(N/2+1));

Sukinernatic viscosity Int27s

sed for caloulations,

3 inierasi
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PRI Y PR T

42, for om={1:NN)*omega;

43, gamma=0.00257 +*om/c; % garmima vaiue in 4-pole paramaei
44. % d-pole parameters o 18t pipe

45, Al(n}=cosh{gamma*L1};

486, B1i{n)=[*om*S1i/rho/cr2/gamma’sinh{gamma*L1);

47. C1{n)=rho*cA2*gamma/j/om/S1*sinh{gamma*L.1);

48. Di(n)=A1(n);

49, Mat={A1(n) B1{n};C1(n) D1{n)];

damping valuas by iriat

50. Zowriing in terms of the pressure Po from 4-pole method,

51. Piw(n)=(D1{n}-C1(n}./A1{n}."B1(n)}."P2 +C1(n)./A1(n).* Q1w(n);
52. n=n+1;

53. end

54.  Pl=ifft{(P1w conj(Ptw{end-1:-1:2)])*N;
55.  figure(1) % piot the pressure rosponse;

56.  ploi{t,-real{Pt),'k'); hold on; * plot the wressure 1
§57.  plot{aa(1:dength(Pt)),aa{i:length{Pt),5)-Ps,'r);
58.  hi=xabel('Time [sec]);set(h1,'FoniSize',14)

59.  h2=yiabel('Pressure in the tube [psi});set(h2,'FoniSize',14)

80. set{gca,'FontSize', 14);

61.  h=get(gca,'Children’); set{h,'LingWidlh',[2.0]);

62.  h3=title('Pressure Response in a tube-L=10", D=.75", and Ps=157 psi); set(h3, FoniSize',14)
63.  hd4=legend(‘Analytical’'FEM');set{h4,'FontSize’, 14)
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Aonatomis Results-Simple Tube (L=10";D=.75")

PRI SN

Pressure Response ina tube-L=10", D=.75", and Ps=157 psi

— Analytical |

N
o

—h
©

Pressure in the tube [psi}
<

-10-
-20-
_30 [ ! P S i
0 0.005 0.01 0.015 0.02
Time [sec]
International Compressor Engineering Conference , Purdue University Compressors 102 Short Course IEJ
July 14-15, 2012
RRICK :
ABORATORIES TULbeS In Serles

PO v s ey

Simulation data: Refrigerant R410a /

Length of tube section L. =L, =5inches

=

Length of tube section L., =L, =5 inches
., R —l = . _»

Diameter of tube=d =75inches 4.(0,0)]

Compressor speed =N=3543.3rpm i

1
Fluid density =rho =2.41lbm/ft’ 1
Speed of sound =c=575 ft/sec !
Mean suction pressure =Ps=157 Ibffin’ x =0 X, = Ll 2 Xy = 0

Kinematic viscosily =nu =5.12e-4in’ /sec
Y
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I]!";\“B“éi'imm Simulation Code: Tubes Connected in Series -1

PUTRLE ¢

H lmikzie the pressurs respones i s olroular thes o

2. G ithe glven mass How rate veclor ang uaing four pole paramels:
3 96 Avithion i, Nasir Bilai

4. %o Last Updated. 27Jun20i2

5. clear all; clc; close all
6. aa=load('TData060ct09.xt"; .
% detsils of a malrb

wiviel contains ihe data provided

sH=time {sec,

. “eendd col=mass fow rate (hmised)
10 Yol col=mean suclion pressure {psi);
i Zhdth col=nothing,
12 caloutated from simulation (palj

11935 data change 1o inches
4. rho:rho/(12"3)l386 4 ches
15. ¢=575; “: speed of st :
16. c=c‘12, % change speed o infsec.
17.  Ps=156.387; %ssuction pressure
18.  N=length{aa)-t;

19. dt=aa(6000,1)/N;
20, xi=({O:N-13dty; 5 detinieg the intermols
21,  Qi=interpt{aa(1:N,1),aa{1:N,2) x); 2

4me norernent

fion vector

rernciated m

mnected

o

5 How rale vector
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PLITH G NIV ey

23.  Q1=Qi;

24.  cc=(fi{Q1/386.4)./N/rho); %a volume flow rate jfi the irequency dormain
25,  pm=3543.3; “compressor speed

26.  Period=60/rpm; % Tima Pericd

27.  T=Period; % fime pericd
28. omega=2'pifT; % radisec [;D
29,  t=((O:N-1)"dl)"; %edelining vector
30.  nu=5.12e-4; =i
31, NN=20; %6 oo of hanmos
32,  Qiw=zeros(1,fix(N/f2+1));
33, QIw({1:NN+1) = co{1:NN+1);
34, P2=0;

viscosily provided by Trane. in®2/s

W he used for oaleulatinng,

Nl e Ines Delow s+ v i s et 4 b3 g b

34 win e dimension of e pipes
36. IRCES IR sAddd the number of ube fenghhs {in LLL) and dia
37 G LLE=(1 L;f;, (_H:{d’a del Format for tenghts and diameters of ho lubes vectors

38. LLL=[5 55 = the of ubes in secion L
39.  dl=[.75.75]; " ol the wuhe

40.  SLi=piM4'[dl ].A2; % area of tuhes
41, n=2; “simidation variable

42, Plw = zeros{1,fix(N/2+1)); U: Agadins U’Qd'o‘l&-

Internalional Compressor Engineering Conference , Purdue University
July 14-15, 2012

Compressors 102 Short Course




ABORATO
PURDLGL v

I].l;‘"““‘“ s Simulation Code: Tubes Connected in Series -III

43. rior om={1:NN)*omega;
44. | r1=2'rho/.758*sqr{2 nu"n*omega);

45, gammai=ri/rho;

46. a=gammat/f2/c; % reai part or fhe damaing lerm o the gamma eqr. see ook Prod. Soedel pp 23C

47. gamma=a+‘om/c; % qarmma vaiue in d- narameters Forindial estimate ignora the real part/the damping.

48, Mat=eye(2,2);

49, for nn=1:length{LLL)

50. Mat=Mat*[cosh{gamma’LLL{nn}} IFom*SLL{nn)/rho/cr2/gamma*sinh{gamma*LLL{nn}};
rho*¢A2*gamma/jfom/SLL{nn)*sinh{gamma*LLL{nn}) cosh{gamma*LLL(nn))];

51, end

52, Piw(n)={Mat(2,2)-Mat(2,1)./Mat{t,1).*Mat(1,2)}."P2 +Mat(2, 1)./Mat(1,1).*Q1w(n};%writing in terms of the pressure Fo
from 4-pole method. ot feapeva-t

53. n=n+1; ‘j? ¥

54, 3—end

56.  Pl=ilft{[P1w conj{P1w{end-1:-1:201)"N; “selup ihe symmairic vecior for ifft - . ) -

56. figure, % pict the nressure response; - ST s (Céw WW

57.  ploi{i,-real(Pt),’r"); hold on; “epiot the pressure response

58.  plol{aa(1:length(Pt}),aa{1:length{Pt},5}-Ps,'k’); stpini the FEM o

59.  hi=xlabel('Time [sec]);set{h1,'FoniSize’,14)

60. h2=ylabel('Pressure in the lube [psi]);set(h2,'FoniSize’, 14}

61. set{gca,'FontSize', 14);

62.  h=gel(gca,'Children'); set(h,'LineWidth',[2.0]);

63. h3=tille('Pressure Responsa--Tube in Serles’}); set(h3,'FontSize’,14)

64.  hd=legend('Analylical’,'FEM');set(h4,'FontSize’,14)

sire resonse with mean rressurg sublracted.
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Pressure Response--Tube in Serles

1

e
©

— Analytical

oy ]
[ (=]

Pressure in the tube {psij
(o]

-10-
-20-
0 0.005 0.01 0.015 0.62
Time [sec]
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Pressure Response--Tube in Series

30 I

| <= Analylical

20~

—
o

Pressure in the tube [psi]
o

10°
-20 -
0 0.005 0.01 0.015 0.02
Time [sec]
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FLIRNEE NN

P __'_,.;,”
71 1 AA . B8

Qo ™ : Section-N :
I 1
L2 i i
g . L 3 | ]
ection-L—" 13 .
1
i N1 | I N2 1

I
w |

Section-vt i
v |
\“% i | I ]
"y M3 N I
{ ! a
M2 1 |

/ | AA ' BB
PMl] %\‘Ml/
QMH K
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1114 Simulation Code: Tubes Connected in Series
e and Parallel -I

[ ES E LT

Pressure Response in Parallel Tubes

Pressure in the tube [psi]

0 1000 2000 3000 4000 5000 6000
Time [sec]
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- Simulation Code: Tubes Connected in Series
T PR and Parallel -1

“e A progran o caleulale the pressure respones i o clocular uhe with e

ving differcnt moltinie ipat of mass flow rae

Hewibe in prrallel 1
e there are muliiple pipes in e

there derivation

ieg of the pipes nnd

% is expiningd in e separite Woik.

Y% Here the Boundary condition at the far end 15 assumed 1o Dy anechinic
o l@rminaiion,

ureitdrawing of the lubes see the altached pdf liie

B NSO AN

Junzaiz

S5 AnthornNas Bilai
9. clear ali; clc; close all

10,  aa=load{'TData0680ct09.1x"); % file which contains the dala provided
11. % detalls of an maiise

12. %1 col=time {sec).

13. shend col=mass Bow rale (ihm/sec)

Vedrd colzmean sustion pressure (psi);
15, Gadthy col=nothing:

18. 2% Hith col=pressure pulsation
17, rho=2.41; % densily (/i
18.  rho=rho/(1243)/386.4; % chan
19, ¢=575; % speed of sound (fiisec)
20. ©=c*12; % change speed o in/sec.

loutated from simatation {psi

21. nu=5.12e-4; shkinematic viscosily provided | e, 10
22. Ps=186.387; % mean suc pressure LiAn 2
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July 14-15, 2012



[E Simulation Code: Tubes Connected in Series
SR T and Parallel -I

23, P2=0; % bowngdary condition st e free end
24,  pm=3543.3; %«
25,  Petiod=60/rpm; % Time Pericd

26. T=Period; % time perica

27. omega=2"piT, % rad/sec

28.  N=length(aa)-1;

29, NN=10; 9% no. of harmonics o be used for caleutations.,

30, di=aa(6000,1)/N; = tima increment

3. ={ON-1) Y delining vecior

32, X=({O:N-1}*dt)"; o= delining the interpolation vector

33.  Qi=interpi(aa(1:N,1),aa(1:N,2},xi); % interpolaied mass {ow rate vacios

34,  Q1=Qj;

35.  co=(fft(Q1/386.4}./N/rho); % volume flow rale in the frequency domasin

36.  delay=(0:N/2)'; “defining a vecior for e detay

37.  cel=ce(1:N/2+1,1).*exp(-j*delay‘omega* T/36"0); stdefine & Hme detay at s

HHRSSCr speed

af 10 deg. 1si one has no dalay;

38.  ce2=ce(1:N/2+1,1). axp(-j*delay*omega*T/363);"N{aline & lime deiay at inc of 10 deg. 1 has & delay of 36 deg.
39.  QL11w = zeros{1,fix(N/2+1}};

_ YT )
41, QL1IwW(T:NN+1) = cc1(1:NN+1); F[f(t tO )](a)) =é f(a))
42, QMTIw{1:NN+1) = cc2{1:NN+1);

40. QM1Uiw = zeros{1,fix(Nf2+1));
43, Qw=fQLT1w;QM11w}; Ref: O’ Neil, 2003

International Compressor Englneering Conference , Purdue University
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44, o d o = eAddd the number of tube lengthe (o LU ard diz in dly in D Ines DeIoW b4+ 4040 b g o bz do

45,  LLL=(1010]; " £ hubes in section L

46.  di=[.75 .5]; %din of the tube

47, SlLL=pi4*dl ].A2; % srea of ful

48, Yo 4rrddbs bbb A iDe numbDan of lube tengihs (in MMM and dia o dmy inthe lnes Delows st e e iag gt
49,  MMM=[1010]; %elengths of iubes in sechon- Wb

50.  dm=[.75 .B]; 7 <liz of the tihe

51,  SMM=pi/4*idm ].A2; % ares of tubes

52. G vt e eefAddd the nuber of he Ieanihs (o 8RN and dia O dand inthe 1nes Do 444 4 v skt 4 bid 133
53, NNN=[20]; “lengths of ful
54, dn=[1.6}; %% din of
55.  SNN=pif4*f1.5].72;
56,  PL11w = zeros{1,fix(N/2+1));

57.  PM1tw = zeros(1 fix(N/2+1}),

58. n=2; Yhsimuintdon visnable

59. ¢~ for om=(1:NN)*omega;

60. Sorte2ho/SLLE 78 sare e i omen);

61, r1=2*rho/.75%sqri{2*nu*n*omega);

62, gammal=ii/rho;

63. a=gammat/2/c; % real part or e damping fem in he gamima eqn see hook soedel pp 230,

s

Rl

NN

waren of mibes

i value 0 -nole garamatars For nifial estimate ignore the ceal partihe damping

64. gamma=a-+j*om/c; . (ary
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]]E Simulation Code: Tubes Connected in Series
i and Parallel -1

65,
66.
67,

68.
69.
70.

71,
72,
73.

74.
75.
76.

77.
78.
79,
80.
81.
82,
83.
84.
85.

ML=gye(2,2); MM=eye(2,2); MN=eye(2,2),
{for nn=1:length(l.L.L)

ML=ML*{cosh(gamma*LLL{nn)) Fom*SLL{nn)/rho/cr2/gamma*sinhigamma‘LLL{nn});

rho*cA2*gammaljfom/SLL{nn) sinh(gamma’LLL{nn)} cosh{gamma*LLL{nn)}};
end
for nn=1:length{MMM)

MM=MM*[cosh{gamma*MMM({nn)}) [*om*SMM(nn)/rhofcr2/gamma*sinh{gamma*MMM(nn)};
rho*chr2*gamma/forySMM(nn)*sinh{gamma*MMM{nn)) cosh{gamma*MMM(nn})];

end
for nn=1:length(NNN)

MN=MN*lcosh({gamma*NNN{nn)} j*om*SNN{nn)/rho/c*2/gamma*sinh{gamma*NNN{nn}};
rho*eA2* gammas/ffom/SNN(nn)*sinh{gamma*NNN(nn}) cosh{gamma*NNN(nn)}];

endt
ZN33=rho*c/SNN(length{SNN)); % defining for anechoic termination

ZN11 (n)=(MN(2, 1)+MN(2,2)* ZN33)/(MN(1,1)+MN{1,2)*ZN33); % the ZN equation has to be rewriiten. See derivation

by hand for explanation.
YoM T Inp=PMNE2 TYMNGT TS
% catculating the pressure ai the valve in seclion-Li.

PLA11w(n)=-ML{2,1/MM(1,1)*Qw(2,n)+(ML{2, 11+ML{2,2)* ZN 11 (n)+ML(2, 1)/MM(1,1)*MM(1,2) ZN 1 {n))*...
((MM(T, T Qu{T,m)+ML{1,1 QW2 mAMM(, 1)* ML, 1)+ MM, 1 ML(1,2) ZN11 (R} ML 1) "MM(1,2) ZN1Hm)):

% calcuiating the pressure at the valve in section Mi/

PM1 w(n)=-MM(2, 1 ML{1, 17 Qw{1,n)+(MM(2, 1)+ MM(2,2) ZN11 (n}+ MM(2,1)/ML{1, 1Y ML{1.2) ZN11(n))*...
((ML(1,1) " Qw(2,n)+MM(T,1)*Qw{1,nMM(1, 1ML, 1)+MLL TPMMT,2) ZN T () + MM, 1Y ML(1,2) ZN 11 (n));

n=n+1;
end
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Simulation Code: Tubes Connected in Series

Compressors 102 Short Course

86.
87.
a8,
89.
90.
91,
92.
93.
94,
95.
98.
97.

PtL11 = ifft(fPL11w conj(PL1tw{end-1:-1:2N1*'N; “isetun the symmetiic vecior tor it

PiM1T1 = ifft{iPM 11w conj(PM11w{end-1:-1:2))])*N; %setun the syrmmetic vecis

figure, % plot the pressure response;
plot{-real(PtL 11),'k’); hold on; %plot the pressure response
plot(-real{PtM11),'0'); hold on; %%piof the pressune responss

Yoplotaal 1 tengl{Pii aal Hienging
hi=xlabel('Time {sec]};set(h1,'FontSize',14)

h2=ylabel{'Pressure in the tube [psi}};set(h2,'FoniSize', 14)
set{gca,'FontSize', 14);

h=get{gca,'Childran'); set(h, LineWidik',[2.0]);

h3=tille({'Pressure Response in Parallel Tubes’); setth3,'FontSize', 14)
hd=legend('PL11",'PM11');set{h4,'FontSize', 14)

(PELE-Ps T Yeplsl the FEM pressire rasix

oo iy

snse withy mean pressure subiracted.
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Puyy _'__,.-p,f
11 AA BB
G L ! Section-N !
12 I !
I I
_ ! I
Section-L-—— 13 ™4 ;
/\ L L w1
DR
Section-vi I
. -, / i ‘ | :
I N MS/I |
M2 : :
| AA iBB
Pt <M1 S
Qo3 -

Figure 5.7: Schematic of a multi-cylinder compressor with each section consisting of
several tubes connected in series.
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A schematic of section L of the tube is used to identify all the variable at
various locations along the tube.

PI.Z] PL22
QLZI QL22
Pia P, P Pis2
Qpy Qi; Qs Qs
L1 1.2 L3

Figure A.2: Section L of tube with pressure and flow variables location
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The equation for each section of the tube in terms of four poles is given by

Qi — Ay By O (A1)
by ,_CL] Dy, |{ P

{Qm,} (A B {Qm} (A.2)
P[,zl »CL2 D-’-Z_ P“z
QL31 _ FAL.% B L3 | QL32 (A.3)
Py L_Cu DL3_ Py
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At junction (1), the boundary conditions are:

FRr »

At junction (2), the boundary conditions are:
QLIZ} {QLZI}
= A.5
{PLIE PLZI ( )
Therefore,

Qf-“ — AL! BLI Ar,z BLZ AL3 BL3 Qm
{PL“}—[CU DLJ{CH Dnz][cm DLJ{PLH} (A'G)

{QL]]} ___I:AL BL iHQL-‘?} (A7)
Pml CL DL PL32

International Compressor Engineering Conference , Purdue University
July 14-15, 2012

Compressors 102 Short Course



%RRICK
ABORATORIES

PLURDUF B

Where [AL B[‘jlz[ALl BLI}{ALZ BL2:][AL3 BL3} (A-8)
CL D L CLI D Ll CL2 D L2 CL3 D L3

Similarly, for section M and N

O _ _AM By 1] Qux (A.9)
Py Cu Dy | Pun

Qv _ rAfv B, |{Qyn (A.10)
Py, Cyv Dy B
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The resultant equivalent system for the two tubes after applying four poles is

l:’L‘Ll
QLM\?I%\PL% | AA I
' 2y p BB
Leq N11
I 11
S :
1 i Praz
1 ] Qa2
Pusa /,‘}’ Ned !
I
QM32 ’ |
i I
Meg !
! AA 'BB

S
o gy

Figure A.3: Equivalent simplified model
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The boundary conditions at section AA are
oy =P =By (A11)

Ovii = Qun tOin (A.12)

Two boundary conditions at the far end, i.e. section-BB will be considered
Zero pressure at section-BB, i.e. Pyg,=0

sz _ PC

§

Anechoic termination, i.e.

N32

where p, ¢ and S are fluid density, speed of sound and cross-sectional area
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monrons  Case (a): Zero Pressure Boundary Condition

PRI 2

Let P, =0 |, then Equation (A.10) becomes

QN“ AN

{PN.I }z [CN ]{Q“'”} (A-19)

PN“ —_ C

L Gy, (A14)
Sub Eq. (A.11) and (A.12) into (A.7),

Er AR}

PR P OO R T (A.16)

L1l

From Eqg. A.S and A. 11

QMII _ A.u M Qmo
{ﬂfl]}_|:c.u .w:H NHQNH} (A17)
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Ovi1 = Ay Qyar + By Zyyn Oy (A1 8)
— Q.-.m - BMZNH Nil
oy Gty (A.19)

sub Qv in equation (A.16),

{%m}:[gt Il;L:HZI }(QNH)_{’;I}(QMH"li.;:zn'n mz] (A20)

L1l

Form (A.20a),

A
e (AL + BLZNII )QNII —A_L(QMH - BMZNHQNII ) (A21 )
M
Q :( AMQLH +ALQM']1 J A 22
N1
AMAL + AMBLZNI} +ALBMZNH ( ' )
Sub in equation (A.20b), we get
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J[ A.u QLH + ALQMH ] (A23)

C C
P!.II =“A_LQMH +(C.'. '{"DLZNH +;LBMZNII
4

M

A.U A.L + AM BI,ZNI | + AI_BM ZNI i

A similar expression for pressure in tube M can be derived and is given by

C C AQ,. +A4A,Q
Pmi :_¢Qu| + CM +DMZNII +iBLZNli L= ML (A24)
Az, A AM AI, + A.',BMZN! it AM B{,Zm 1

[

Confe. P ] ]
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lllj" Case (b): Anechoic Termination

For an anechoic termination, the impedance at the far end, i.e. at section BB Fig.

(A.3) is given by
g B _pe (A.25)

N2 T
QN 32 S]
where p,c,S, are the density, the speed of sound, and cross-sectional area of tube N,

PN32 = ZNngN3g sub in Eq (AIO)

A, B 1
{Q‘vu}z[ N NiH }{QN”} (A-26)
PN P CN DN ZN 32
7 = Puni - Cy+DyZys (A 27)
Nit v
QN 11 AN + BNZNBZ
Fon =Zy1 @ (A28)
Using the value of from (A.27) in equation (A.23) and (A.24) will give the
pressure at the suction valve with the anechoic termination
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