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Development of Design Algorithm for Compressor System Using Expert System

A 71% (1A
Ki R. Sung (Dept. of Mechanical Engineering)
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ABSTRACT: The purpose of this study is to develop a design algorithm using rule-based expert system for
design of integrated compressor system. Various analysis to calculate the thermodynamic efficiency, the
performances of the valve systems and the acoustic characteristics of the gas manifold are integrated in one
system with necessary design rules for basic design of compressors. Expert system rule bases are used to
identify design problems existing in the model and to suggest directions to improve them. A case study
illustrates how a typical design work can be done utilizing analysis/simulation features and design features of

the system. The system can handle both rotary piston type compressors and reciprocating piston type

CoOmpressors.
1. M2

G ALG e WuALS s EE)sdon BREEd o AsdEE
Haha AAs7] 18 B PSe] AAHsIch Soedel > Y & A, Al fEolt AFE
B3h e A ATT AL whEoz ¢F7)e] B Qubh ARl A6l B
A 4¢ wolFgieh Dixon” & 7 AFA] BAHANA ATAEE SEahe] AARAE o

2= AAe A4 R Feish ARs, A AAY 2w
AAsE LA Foz Eelstgrh AL AL 2 B o o] *
A3 glo] ATHoE Al F 9lg WA whEA o fspich AAA HA A= )4
ANEE AAA ) WiEtE GHPdor WEY] Sste] Agstadrh Allen® & AEIL A2
o ML S17 of2] ALES spglvh 29 ALEL b Ark D) #AY AR e A

61-__ = =2
gho} 2) AojE 39S gl 3) 7hedk & 3 T2 FASFE Ao E ARSR) 4) A E
il 2 R23lt}. Mayor and Lu® 5& & AE7} A 2" oy 7}
A8 AAES TRz AAAA F oE AARLE o8 AlFE= oAy A A E
E N Ast= A|~Ele] RHES A Z3dFit}. Arora and
N A7t Alz=dE shdstsl

Baenziger
ol A &) A|APH L FFAFA 7] o 7 A]

Hir
flo

Wse
th 252 eI Sl o = o
HAAAA wEA}F S A 2L F e FALREES AT fAsk] IaE Wy
(heuristic method)2- AF-&3}3it}. Gatley'”i= TFEo] 28 ARE3 AAWHES Adsid i YEA
. T. Soedel and W. Soedel'®-& w4347 A
Aoz 2)e] e s 2 vlEee] AAS Adstart. 1 o= HAse] 3 3

14 = =
P, fasd, AA2ay 55 443 i EE AAFHAL



7] AA

AN 2 52
bbel a4/ A 2

= 9

)
]

11

o ols

A g AAA Je)

]

o

WA= £

o
T

i

s 43140 A A 28
k<)

i

of2] 74A 4 /mA]

}

g At

FEEel o

9

]

N a

[e)

o&%—ﬂ A 74] =

oW R PERT W
O o T o o )
— WroR 2 T W
- ng%Jii%a%ﬂ% T g
o0 1 E_E Et 0 -~ e K X — 7o = R
Gl eI B o~ IERXR emh T » z
TG Wﬂ%%awmfw R T =L
gpo o R écizxwﬂo = A 2% WE T T ER L
U L T Moo o o3 a k2 e =7
23 e SR 3 E#mmﬁwﬁ#z%%umz_ﬁ '
5 G N : T ow L WO A . Moo
B x%ﬁ%mﬁ%%wmﬁ zﬂ%mmﬁwﬂli%%ﬂ W T
ol Q%o s Xlk.ly/“] H_M_ e M_ ‘_._Dm‘_ ok ﬂﬂﬂﬂﬁ% o 5 = do <M ,Woro _1%1_ =y HW PW.L T M# s m
i 9o R Al o]o»cs_e] . <~ W T
N o3 T TN LN = § 2 WMo = 2 <
X .A,.w o = ;OvAL.ENIVﬂ,IE l IFLT
LRI W TN _ < B
i) %l%aﬁ%z@%% ﬂ.mp:mwﬂ;.%ﬂﬂé%urz o e o)y
o ﬂszﬂlﬂr J_./nga_i ﬂ%_samﬂ iﬂiwﬂ% - T ZHTL_L,],%
ﬂ E_EHHT PR p o T o szHm_mﬂo %ﬂﬂuridr@a E R e
i = L = — _— o o =
T X 1 g OTE 3 O_E wOoo o N — W 3” T — — 0 — [ X
or 0 _H;_A.l —An AR Lf -— 0 © \Nﬂ 0}[]
Mﬂ_ maﬂﬂﬂﬂiwsn_wa%mw__d; Hlme_eﬂ.ﬂrml_%ﬂlﬂ%ﬂmur AT%%%
Al < .mﬂ]oamﬂ_ouMﬂ]_s]ﬂ T E X d N = T —~ o ,DrLaT_G
o ﬁ]or]oq_. NN X A~ T b SRl T - X 7 o Gl
—_ N = b _~ o D X mh o H Z B —
B ]%.é.té.o].é.wﬁ]ﬂlvl ufﬂ]ﬂm ,ﬂ_m,_uw.. Mﬂan_iEnHoPmoe
iy N L]r..ﬁ_7LHo qUT_7 ™ ° = R _._._Hu/_:__l_%oL
— N ER R o? B 0 = K z ur (=Y L= N T ey
° ~n .Mi ﬁ = _ iﬂ h o__._ J_M_ ﬂm_ .&l 1w|L &l 5 MO__._ A_H .C P T w HT R :i w = Ha
° ol EEMuMuLM — Pyl M s - A ﬂ_]r B o 2 = o X
i ﬂ@@ﬂﬁtﬂaﬁﬂﬂw izﬂmm.@Mb%%L_;ﬁnmc_aqﬁn
dwﬁ%gw_gw%%a ME R E e R oE g e ST
— .__1 d = . _— N
= = c_oaTmﬂéﬂmaMaaaAﬂ &%ﬂ}uﬁm.mqﬂld.d;mmﬂlﬁaf% :um__bm_ﬂ
) = ol Womh — it Xm 7 8 R KR e WX - Rw o) o N
~ w o P = L AT o PrxZlEwx FE Tk TR
= o E:Tﬂﬂmﬁtlﬁ BT 2T R e y L, P =
= ﬂu.&ilﬂ_’ﬂm‘_% N 2 = __oduiﬂﬂﬁua_.%]ﬂ.wbmaﬁvmo_‘_ R
5 S RENCR A ] ﬂPo;ﬂul@%},y%F}.H%# <
e Ny T o Ry L_o.]uuﬂﬂu_,T/,Ao s W E w2
| gpEicdesiied Izs IS T T MR RES RS
~— 0 —_ ™ -y e —_ u,F. f —
o] ﬁﬁx.71ﬂu1ﬂrﬂaw_ﬂ_im_ﬁ/ﬂﬁl%u loo_ai&bz,i‘.uuﬂ]e._hﬂﬂ, %AMMWIE&;QMO,UP
I ®ggnzzr ey | ST SEEI 1ES ML P e
—~ o e = g = S Sy
Y 0% Mo Hlo R o N | L= T N oR N W o 5 - Ik =
It M S Fzalizaie
~ 7 o g o T L ~ T T 7 )
T Flziiisziic o i%@%mm%wmwi%HWﬁﬂ%%@
g o T oy < < o X B o ) e o
o o - o o’ o X = o o do X B % ~ <V <
W ﬂmaanc“&#ﬂk_wwﬂ% < M%W_Lxmc.mﬁﬂ%ﬂﬁr_ﬁ%mﬂ_/u%m%
= WO % . i = I~ nks 0 .hnx‘.l_l iy .
o Evu7 lﬂon*ﬂdd!qldlx __u/I i w.__._ ATﬂrWhE_.‘_mvlﬁE oﬁaﬂwuﬂeﬁe _u»ﬂﬂlﬂvud!&o
EE ,.L O_E :.L e % = ,_IF% o O_E | t,.* o m m.. —~ EE O_E c__l ny °
[ — bl A H v o o N K CO SRR AR
dIO Eﬁﬂliﬂﬂﬁ___onﬂ\l . AU ~
T 0w TT TN S MR R 2
~ i oo e T X



NS BRe] AL AL BARE AAshe Ee AASGE AHH FA
Aol e AR AAAE AADY wD AGAT el Awy L FANEAL AT A
22 2ol ANAAE o woEeh ANGEe A4S Ashe BAld 0@ A4 o
v olajala Qliv) mi AEshAsdd vk desln e 2en dRA QA A
FY 5 oErt s AR S g3 Aol eiA7h gl ook 7|4 E WnaAle)
A2 RE F2@ delr A Felsh gl st ATH Helw AEIHAxe] A
A e el s FH e ol ARe Fut FHAE B3 e
A2 T2 ZFAT. olH@ AAEES Zeage] B wrA sz EEw

Knowledge Base Working

‘ Facts H Rules‘ "| Storage (memory)

v

Inference Engine

A
v

Inference Control

AR

Knowledge Explanatlon User
Acquisition Facility > Interface
Experts or User

Knowledge Engineer

Fig. 1 Architecture of an expert system

43 h57] AAA=ES A FAS BolErh of7]ellA] gF
M3t AA, E57] eSS ®AL 2R3 57 kY

2dlow AR AANES] NS ARt A2"lS
g2 gt Huo] 2 (rule base) & 18-S AR-5te] JHESESITE AHbA

oz Aog AE oE o felsirh 2elEE §H5r
43te Aoz WBREI vl Ee el bz A
5 7Afoll AETHA =" A/ AL W 2ol g
BAA el AR E AAS F3F AE7ke] Aw3 #S st 152
2w = AL Agols Bl Fad ZdE o] 835t 7}/\" =
= T8 48 2 G 55 A ARy =g 271, o]z Aol
°

S|
UHH%—EQ ALdES AA AT s Xﬂ%%ﬂ%r/‘r- e

—111: o,



duld o7 AAFNAL e} o] o] 7px] A4 A6 o8 EAAL & 9k 1)
}_7] E_%-ﬂ 5‘]";‘1:1 2) §7] _‘}’_‘1%_]94 ‘S‘H/‘_']]:ﬂ]- E’_/K]— 3) —E,—H/K_—}:ﬂ]. _1;:!_}\]_7331]_9/] _\—137], 4)_\—%7]‘01] tq_% 5-5_7]
wde] Sz AAA. AATA 33 4) = AL} AzEE FAE FHuo] s TR aw o
s et

v [ Design Specification L e
proca ~‘
Reciprocating Type Rolling Type
| ‘ =
—1 t Module «——RW b Master Data
T File ExpertSystem
I User's ﬁ\
v o } Interface Input |
Valve System | |
’ Analysis User's | "1 Gas Mgnifold }
Interface Input ; > Design ‘

Design |
Information |

Valve System
Design

Compressor Performance

Gas Manifold

Analysis

User's

Interface Input

Simulation with

Simulation Gas Manifold
» Output |¢ ‘
Fig. 2 Overall configuration of compressor system
Compressor Design Tools
Project Input Utilities Diagrams
New Operating condition Valve Design P-V Diagrams
Open Valve Analysis and Design Valve Analysis Th-Cyl Pres Plot
Close Simulation Analysis Gas Manifold Design Suction VD Plot
Save Suction Gas Manifold Gas Manifold Analysis Discharge VD Plot
Save as Discharge Gas Manifold Simulation w/o Gas Manifold Suction Mach No Plot
Exit Simulation with Gas Manifold Discharge Mach No Plot

Suc Port Pressure Plot
Dis Port Pressure Plot
PTF Plot

VFRTF Plot

General Evaluation

Fig. 3 Typical screen of the system
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Knowledge Base

Step 3 IF Mach number is 2.10 )
THEN Mach number is high
Step5 | IF Mach number is high |
THEN Port area is too low h
Working Memory
Q: Mach number ? Step 1
A: 2.10 P > Mach number is 2.10 Step2 |
T Step 4
] > Mach number is high Rk B
- Port area is too low

Fig. 4 Rule-based system operation
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**x*¥* REPORT OF THE ANALYSIS RESULT USING EXPERT SYSTEM *##**
RECIPROCATING PISTON TYPE COMPRESSOR (CONNECTING ROD TYPE)

** The Selected Port/Valve System of the Compressor is :
THE PORT/VALVE PAIR (1,1) IS ON THE SUCTION SIDE

** Results between Valve stopper and Valve deflection
1)  Valve stopper exists
2)  Valve stopper height is lower than reference stopper height
3)  Valve does not contact the valve stopper (Not Active)
4)  Valve deflection is lower than valve stopper height

*¥*%%  THIS IS THE FIRST LEVEL REPORT *%*%**

* Mach Number (M)
1) Diagnoses :
* Mach number is too high
(1) Flow velocity is too high
(1.1) Effective flow area is too low
(1.1.1) Port area(Ao) and Exit area due to valve deflection (Al) are too low
2) Suggestions :
* Increase valve stopper height (H)
* Reduce valve stopper height (H) --- (Weak Possibility)
* To improve (1.1.1), increase port area (Ao)
and exit area due to valve deflection (Al)
To increase port area (Ao),
i) Increase port size (D) --- (Weak Possibility)
If port size (D) is increased by 10 %,
then Mach number will be reduced by 9.838 %

ii) Increase number of port ---------- (Weak Possibility)
To increase exit area (Al),
i) Reduce valve width (W)

If valve width (W) is reduced by 10 %,

then Mach number will be reduced by 3.116 %
ii) Reduce valve thickness (t)

If valve thickness (t) is reduced by 10 %,

then Mach number will be reduced by 8.911 %
iii) Increase valve length (L) (SS - SS)

If valve length (L) is increased by 10 %,

then Mach number will be reduced by .001 %
iv) Increase valve length (Lp) (Cantilever)

If valve length (Lp) is increased by 10 %,

then Mach number will be reduced by 8.114 %

If necessary (i.e., Lp is fully large),

then increase valve length (L) - (Cantilever)

****  END OF DIAGNOSES AND SUGGESTIONS  *#**#

Fig. 5 Report file of suction side (reciprocating type piston)
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flow equation of cylinder L flow equation
A A 'y i A 4
i polytropic :
pressure | ! coefficient i temperature
measurements measurements

effective flow
area equation

valve dypamig equation | effective force valve dynamic equation
(suction side) area equation (discharge side)
A A L 4

A

information of
natural frequency

damping damping
coefficient prototype valve coefficient
measurements

Fig. 6 Schematic of compressor simulation
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Fig. 9 Overall simulation of the compressor(reciprocating)
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RECIPROCATING TYPE COMPRESSOR
RESULT OF THE COMPRESSOR SIMULATION

* ORIGINAL MODEL:
[1] THERMODYNAMIC PERFORMANCES

(1) Thermodynamic efficiency = 82.9033 %
(2) Total loss ( 100 - efficiency ) = 17.0967 %
(3) Anatomy of losses

* Discharge side loss = 9.7991 %
discharge gas pulsation loss = .0000 %
discharge valving system loss = 9.7991 %

* Suction side loss = 7.2976 %
suction gas pulsation loss = .0000 %
suction valving system loss = 7.2976 %

[2] MASS FLOW RATE
Mass flow rate per hour = .8339E+01 kg/Hr
[31 POWER CONSUMPTION = .1903 Horse Power

= .1419 kWatts

* NEW MODEL:
[1] THERMODYNAMIC PERFORMANCES

(1) Thermodynamic efficiency = 90.7240 %
(2) Total loss ( 100 - efficiency ) = 9.2760 %
(3) Anatomy of losses

* Discharge side loss = 3.8343 %
discharge gas pulsation loss = .0000 %
discharge valving system loss = 3.8343 %

* Suction side loss = 5.4417 %
suction gas pulsation loss = .0000 %
suction valving system loss = 5.4417 %

[2] MASS FLOW RATE
Mass flow rate per hour = .8673E+01 kg/Hr
[3] POWER CONSUMPTION = .1807 Horse Power

= .1347 kWatts

Fig. 15 Efficiency of reciprocating piston type compressor
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Fig.16 Gas manifold model of a reciprocating

type compressor

2 el A

fhix= i A

EdomA AAfa

HolF31

[e]
Sl ool o 4
Z

sho] 2.9}

ALGse] 2718

o]t MEo] q sgo] FrhRTHE AL

Y oA

(]

Fig. 17 A typical volume flow rate transfer

function plot

Folar feivs A i}DP?f—IL}—’?— e8] 3 dbfnid= A Fabgs A=

Gepieh 58] Akioien A4 REa 2]

0% W] FASRA o) 27 ouet 2 KAbMDE SAuES] B3 Akt A
wee) mak WEe JFe B T

slrh. 7hose] “Hiﬁi‘r%‘—“& e £FSHE A Slate] EEol

et Aoz g2 doje o]

(small cavity)el| EHsH/H = A Z 7| ¥H 4>(lumped parameter)Z 7F3}o] o

(short pipe)yt 22 ¥%
S R T el v e
2 Z FEo e 33U F5uA

gkZ o) (finite length) S Z&= wjUZ o] g H318

E_'
y}%u 2-1/\1 e r}e _,,]_ 7H:]_

9%
Py

E(x, D

g

=A1e

jmﬁi

Hawt—rkyx)

L9t~ Cogy?

+A2€

1 s}o] Z(finite length pipe)el] a4 = 12+] FpEnbAd A& ARS8t w]aL
A& AHg-ste] four-pole A o2 gl Fig. 182
HojErh aelA RHeiE wjyE=e] dFt

)

71> 5744 Al5(equivalent viscous coefficient)el] gt 3§+

Hawt+ ki x)

%3} 3} (harmonic wave)el| gt A3}=

(19)



AZIM k2 dEE dERITE A (19F (18) Histd kel Wi A ohed) o] &

. 71 N3
r=IR= g T (20)
= s A g
Plx, )= 0,305 QUx, )= AE en

o714 A& WE=e] shelth A (19% xol to dha) vl esi qrs AA g o

A
A3} A gt ol Qg & vk

P(x, t) = p,coAl Aje” ™ — Bye™]e™ 22)
Q(x, D = jwA[Aje” "+ Bye™e™ (23)

Fig. 189] wjU %= oFEe] AAZAL A QD) @36 44T 5 9l 0|5 AARAL oo
3} R,

P, =P,e™,  P(L,{)=Pe™ 4)
Q0,D=Q.e™, QL,H=Qre™ 25)

Al @2HsE 25E A 22)2F (23)° st thE3 22 four-polet] & =Tt

(812 8% .

r
714 A= D=cosh 1L, B—MsinhTL olaz C= e
©o oT JwA

four-polewl 4201 c}. o1 7] 4 413 four-poletl 55 Fatdol & 2z wjyE=e] s 5L
Ab&3te] 73 ¢ 9)S Eub olyE} Fig. 19¢|4] HoF= ZAxE 2He FZ(small cavity)o]r}
e Aols] sholx(short pipe)el talA = A F o1 4-(umped parameten® ZHF-3ke] FE 4
Qi "y Z=o] AAFZH 53] B A FAo] pressure releasee] 71} anechoicel] whz}
four-pole W 5-5o] GeiAlch wak oale olef e W& Zi wEelsh 2e vFEdE
ggste] four-pole Wlgrol wgh gukale & 4 gloh’. Fig. 202 n/le] wlyZE=z A=
A 2~"S HolFc) nrlfel]l )&k four-poleAr] S &3} zr).

ERCE CER ST ”

sinh7l. o] A, B, C, D

als



2279 FHFE Axtstd A(26)3F -2 FE o]

ZhamyZ ] AARES 179 W 2= &) digk Ay d=yF
(head cavity)®] =7], sfe]xze] Zolv} wtHA 5& FAgc) 18jx HAAA st 7w
o FHEAS ZEF 3] S5t FEAANAY SIFEAE M= 7P Al A

AReES &

29 Flar)B FAY Aas|Re] 5T wEa. 4) & =
Aeel A e AEsl Azdd od 44T AGEE AFes AEd el s o
Ao,

Q(0, 1) = Q,¢™ ~ Q(L, 1) = Q ¢™ /\

) =, ai:oustlct: N 1. Q0.0 /) v, N, QLY
P(0,t) = P e’ elemen P(L,t)=Pe™ P(0, 1) v P(L, 1)
x=0 x=L
Fig. 18 Acoustic four pole element Fig. 19 Lumped parameter acoustic cavity
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Table 1. Sensitivity of a two expansion volume muffler with pressure release end condition

Parameter | fnl fn2 fcl | dbfnl | dbfn2 | A P
A\ D D D D I D
Al I I D D D
L1 D D I I I I
V2 D D D 1 D D
A2 | 1 1 1 1 1
L2 | D D D D D
y
A
=6.73 cm?
D >
A _ 3
1 V, =269 cm’ A, P=0 . ?
—_— C Wy ¥
—r L, L Q N ; L > X I:I;t
Py Qo A=24cm? A;=24cm? L, — ]
Li=132em  L,=2.65cm o L/
Fig. 21 Typical two expansion chamber muffler Fig. 22 Cantilever type reed valve

with pressure release end
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ol 9y nde] MAWMSsE oS3 Zohk(Fig. 22): ZEAZ D=4.5mm, @B 7Zo| L=16.5mm,
Lp=10.9mm, ¥ H3% W=11.0mm, " H 57| t=0.15mm. Table 1o]4] e} wnle} 7o zEMB
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AANE A7t A2wS ARSste] BA ST Al wE A= Aot A" 9
sto] AAE B3A Fddel 7| FEHI o] 7|ES vy wHAL] HAAE 95t AREE & gl
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& Z7HA71W sl Y elsh Wn wel od Y48 FERAe] FoteAE e

Table 2. Analysis results of the reciprocating piston type

Suction side Discharge side

Design | Stop | M tel 0: | Op | Vimp Design | Stop | M Lol 07| O | Vimgp
(1, 1) | 0.81 | 231 |0.77 | 048 | 0.62 | 0.36 (2,2)| 1.00 | 2.10 |12.95|0.16 | 099 | 0.62
(3,3) 1099 | 1.74 | 0.77 | 059 | 053 | 0.45 (4, 4) | 0.85 | 1.02 |2.65| 0.42 | 0.86 | 0.59

(*, *) : (port, valve)

o] 5 T At AMgste] wWiBel FxE WA F SAE wdS Bt Ay
7}e SHAIEI L Table 204 2E/ME A (3, 3)& AE7PA 28] Al<ke] wep A% AW
FES AMSE A e Ud AnE HoFEh o] T ANE wwsw {%9 whsl =
231004 1742 ZFAE o o AAZIEES 75X 5 U5 A2 ZAolA wiel =
ZFstd AR b 71EAQl 18 22 £ ndS gy nde Adusie] kel e
HAoZ wkgstedr] s|EH ] wFs= AAE ¥ 5 vk #AR AANSsE 2EAA
D=5.0 mm, WH o] Lpy=1.3Immo]x vpx] W Wiy glok of7jAe xEe} wlBe 4
G, )& HAFAAR A=ste] v o]ite] wbEIAH S A=kt

w3 AAAE Ae 2 5% 2ds BAle oste] ez vwd 4 9lr). Fig
10~143= P-V A =e} A7k Wislol] wpE 52 vwish 4=, Aglville] 2xws), WHe] w3

5
aex ARTe) srEsE wwa A& nelErh Fig 155 o] ¥ Adel @ 5%
4 45 wlash Sleh Fig 15004 Agmdst wlasx 44wl fgo] 78% FaE

e & 5 9k
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Compressor Type
Side

Gas Manifold Type
End condition

Reciprocating -- Connecting Rod
Suction Side

Two Simple Expansion Volume
Pressure Release

Unit Metric(cm)
Suction Pressure 1.390000(kg/cm”2)

Pressure Pulsation Amplitude ( AP )

(kg/cm”2)
A

8.684003E-02(kg/cm”2)
(=

6.25 % suction pressure)

fcl
fc2

167.935(Hz)
.000(Hz)

fnl 1

Fig. 23.a Gas manifold

What you want to revise :

fn2  376.405(Hz)

12.464(Hz)  dbfnl

dbfn2

13.341(dB)
-4.926(dB)

design results for original model

+dbfn2 (to increase dbfn2)

Suggestion :
Increase head cavity volume

Decrease connecting pipe cross sectional area
Increase connecting pipe length

Decrease second cavity volume

Increase tail pipe cross sectional area
Decrease tail pipe length

10 % change of design variable change of dbfn2

+6.1 %
+10 %
+9 %
+6.8 %
+10.3 %
+10.3 %

Fig. 23.b Suggestions from rule-based system

Pressure Pulsation Amplitude ( 4P ) :
(=

fnl  100.085(Hz)

fn2  299.728(Hz)

5.233409E-02(kg/cm”2)
3.77 % suction pressure)

dbfnl  12.402(dB)

dbfn2  -1.554(dB)

fcl
fc2

152.698(Hz)
.000(Hz)

Fig. 23.c Gas manifold design results for modified model
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