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Abstract: A quick-acting hydraulic fuse, which is mainly composed of a poppet, a seat, and a spring, must be
designed to minimize the leaked oil volume during fuse operation on a line rupture. The optimal design parameters
of a quick-acting hydraulic fuse were searched using the design of experiments method and the complex method.
First, the Z,,(5') orthogonal array is used to find the robust minimum point among the 625 points of design
variables. The serach range can then be narrowed around the robust minimum point. Second, the Z,;(5") orthogonal
array is used to obtain the variations of the design variables in the narrowed search range. The variations of design
variables are used to set the structure of a polynomial equation representing the leakage oil volume of the
quick-acting hydraulic fuse. The least squares method is then applied to obtain the coefficients of polynomial

equation. Finally, the complex method is used to find the optimal design parameters where the objective function is
described by the polynomial equation.

7|sMH and poppet left end edge
C. ... clearance between outlet bore of fuse case and
a,, as: orifice area 1, 3 poppet right end edge
A, left side cross-sectional area of poppet f(z): objective function
Ay right side cross-sectional area of poppet F,: force on poppet due to pressure differentials
A,: sum of A, and projected area of a, Fy: flow force on the poppet
Ay: sum of A, and projected area of a, F,,: bias force on spring

bs: viscous damping coefficient resulting from fluid ¢ : gravitational acceleration
viscosity g(z): regressive objective function
C,: discharge coefficient of orifice k,: spring constant
C, uig- clearance between middle bore of fuse case  1,), l,: length of poppet cone and poppet cylinder

m,,: mass of poppet

* Corresponding author: srlee@konyang.ac.kr Py, P, Py pressure in control volume 1, 2, 3
1 Department of Mechanical Engineering, Konyang University, @, @ flow rate through orifice 1, 3
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Ty ous: Tadius of bore at outlet of fuse case

rpl;

7,3 Tadius of poppet left and poppet right end
Sl,i: variations of design variables z;, i = 1,2,3,4
Se12 Su,00 Op .00 Sy 1t of linear contrast,
tetrahedral

contrast of design variables z;, i = 1,2,3,4

variations

quadratic  contrast, cubic contrast,
Sp: total variation

t.my. Simulation time of fuse operation

simu *
v,: poppet velocity

V,, V,: volume of control volume 1, 2
x,. poppet displacement

: maximum poppet displacement

ZL‘I)?T” axr*

o= [z wyww,]" = {041 @ G mig Gy our ]+ design
variable vector

T i = |21, 29; 23, 2y] "+ design variable vector at i-th
level of z,, j-th level of z,, k-th level of zj, I-th
level of =z,

2= l2,2y232,]": linear transformed design variable
vector from z

a;: half-cone angle of inlet conical bore in fuse

a;: half-cone angle of outlet conical bore in fuse

B3: fluid bulk modulus

p, p: fluid density and fluid absolute viscosity

s By By fb.. - average of leaked oil volume at
i-th level of z,, j-th level of x,, k-th level of z;,

I-th level of =z,

twmu
/ @,(t) dt: leaked oil volume of fuse for ¢
0
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1 Simplified hydraulic fuse schematic:

case, poppet, spring
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Fig. 2 Dimensions of a hydraulic fuse



dP, B [ o dxp}

v @@ A )
ar, g [ o dx, L dr,

ERA Q — Gt - —A; (6)

d;tp dzxp
Z‘;) + Ff bfﬁ E)b k'é.ibp mp dt2 (7)
F,= A, (P~ P) + A,(P,— P,) ®)

R L E PN Eﬂ—a—}k— gl o

v?ﬂ]“(ﬂow force)ol™ b, A543

H o™
Ao £, = Ve 459 iE%‘ WS, k=
23e) 4GS m e T30 AR Yepit
H©5), AO)F FAHE AR P, P,E T
g & gov 4Ne ApsHA ER &%, o9
R W9, o, F FY 5 Atk ER H) wE
AE ARSE AUFZE BdSe TA
[awa & 78 5 A & AFE Azl
A sl AHEE P Py vy 1, [ Q) 7
BeF AL L 5 dod Fzel U Arge
Table 1] “eRb} Ut
Table 1 System constants of the quick—-acting
hydraulic fuse?
length of poppet cone 1, 55 mm
length of poppet cylinder [, 0.5 mm
mass of poppet m, 958 g
flow rate into fuse entrance ), 20 1/min
radius of poppet left end r,, 745 mm
maximum poppet displacement x,, . .« 5 mm

r_mid> h
2 wAel Aol ¢, T AAAAG. 4ol A
WMEE 40), AN AR 2(100-2(13),
BAGE A143 2ok o714 AAMSe] By
MelE 71E FUFR 4A B4, DuE Al
¥ Ane) $4 5 Fustel MY
= [$1 $2 1‘31‘4} = {al 043 Or,mid Or,out}T (9)
10° <z, <20° (10)
25° <@y, <45° (11)
0.lmm < z; < 0.3mm (12)
0.lmm< z, < 0.3mm (13)

0= ["ewa (14)
21(10)~2](13)0] Yebd AAMEGe] 3-8HsPHS

2]
77} 47583 Table 201 UEhd 245 2+ A4

Wgritt s7le) o] AAEH At 5! =625 7)
o] Al A=Y 625712 H FolA Trwk
(540l Aart He AT AR Fah

625 7Nl BE AR FEHERAE Fot
W ARAIIO] DA BR 4917 555 HPehe
Table 30l Uehd L, (5') Amuldxol ojsf A48
5070¢] AR sidste Fraks 75t Table 3
o Yetllth. drik(rrErd @S Toke 229
£ Scilab® 0 2 23T

Table 39 Uebd 50709) SrgteS
el A FolA BrghEAA)e] A
@ AAEE T
Table 2 Values of design variables at levels — full
search range

levels | 2 3 4 5

] 10.0 | 125 | 15.0 | 17.5 | 20.0
x,[deg] 25.0 | 30.0 | 35.0 | 40.0 | 45.0
| 0.10 | 0.15 | 020 | 0.25 | 0.30
4[mm] 0.10 | 0.15 | 020 | 0.25 | 0.30

F

2 ol g3t 625
a7k HE 2

design vari
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Table 3¢l 2t AAMS EE 4749] AAMT s A 625709 HARe] BAH=H e AAXv
ot o] QAL olol EHE Frgtel Ui (B A)S Tk AldbAITe] oA EE 491
U= o= 2(15)¢ 2} 520 Sk Table 69 UERSG L, (5%) A
g zol oaf MAH 25719 AAA st T
TS 75t Table 60 YERR S 257012 AAH

AZNA 2y, Ty T3ps xS A7 AARST 1 0 i o el ]'}\7( AA)E ol gste] Z+ AWM
=, 2,9 jFF, ;9 kFE, 2,9 15FE YeEY, EHE HES 73 Z2FE Table 70 UERAT

AAMST 2,9 155E X T2 F

A7t em o] agksel HEe (163 2ol

f@w) = f( [1317' Loj L3 1’41]T) (15)

10
T Table 3 Ly, (5*) orthogonal array(5 factors, 4 levels)

@ 4 9o Bp [ o [ o [ o [ o

No. level level level level fz)
Nl...:[f( 1111)+f( 1114)+f( 1222)+f( ) é i é é é i%g?;gg
F (2 1330) + (@ 1355) (2 400) +f (2 ) 3 1 3 3 3 1.499178
(2 y5s) +F (@ 1555) 1/ 10 = 1.58387 (16) ‘5‘ i ‘5‘ ‘5‘ ‘5‘ %égggg
Lo WAoR AANSF 4,0 35ES ERIE [
rEe F 10717 e o] sl HAS 8 2 3 4 5 1.475927
_ 9 2 4 5 1 1.593555
A7) 2ol 7 & Utk 10 2 5 1 2 | 1.653365
11 3 1 3 5 1.142617
M3 = [f( 1551)+f( 1535)+f($2252)+f(372254) 12 3 2 4 1 1.207776
(2 g159) (1) () (2 ) B2
(@ 5430) T f (2 5435) 1/ 10 = 1.37927 (17 15 3 5 2 4 1.661334
16 4 1 4 2 1.084286
ol# 3 Wt o7 7+ MAMS] 7+ £FS J)Fo 17 4 2 5 3 1.260322
L . . 18 4 3 1 4 1.194524
2 sh= 10709] Frateel BaE 73k Table 41 19 4 4 2 5 | 1.393572
e zF AAwMSEE Hagdgte] YeRd 7H %‘1) ‘5‘ f g Al‘ 1-?%28
o] HiAA-S YAtk Table 49 &3l 625712 A H 7 5 2 1 5 1.047721
i T o e e s
AA A AL <& 2= 9ok 25 5 5 4 3 1.718144
e ems Ae e R Ll
2oty = w2y 2oy 2yy] T D] Qe Aoz =A 28 1 3 3 1 1.457457
5111 — 15 ¥21 T3 Fa ¢ oE T 29 1 4 4 2 | 1664035
™ Table 45 Fa1dte] A9z HA HAHL] A= 30 1 5 5 3 2.080401
& =2 = g 2ol AAE 4 ¢ 31 2 1 2 1 1.124124
= e Tt 2ol d8E 5 Ak 32 2 2 3 2 1.261238
. ) 33 2 3 4 3 1.433765
Ty S @ <@y OoF 175° <z <20 (18) 34 > 4 5 4 1.689339
] Q 35 2 5 1 5 1.701342
Ty STy <@y OF 25° <z, <30 (19) 36 3 1 3 3 1.112209
37 3 2 4 4 1.270601
2y <2y <14 OF 0.lmm< 24 < 0.15mm (20) 38 3 3 5 5 1.475234
39 3 4 1 1 1.344689
2y <7, <z Of 0lmm<z, < 0.15mm Q1) 40 3 5 2 2 1.614613
41 4 1 4 5 1.140277
AagrAenel vehd 2 Al Fad s 24 2 s L 1 lalle
SRS E A7 4GRSt 2 HANSTER 57 44 4 4 2 3 1.360083
o #E& A Table 59 L. e B e B
47 5 2 1 3 1.027818
o2 AT Sl A Bel 32 A A 21
Table soﬂ UrEM 47H lt&fr-ﬂ 571 S===ol thsf 50 5 5 4 1 1.625743
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Table 4 Average of values of design variables at
the specified levels of design variables
- full search range

levels
design 1 2 3 4 5
variables
x, [deg] M. Ho... Hs... Hy... ...
1.58387|1.43858| 1.3615 |1.30861[1.27316
2, [deg] . K. Hs.. Hy.. Hs..
1.15056|1.23297/1.34242/1.49017| 1.7496
2 [mm] Hq. Ko, K. K 4. K s,
1.302421.33751|1.37927|1.43415|1.51237
2, [mm] K. q K. 2 K3 K.y K. 5
1.35107| 1.3641 |1.40333|1.41225]1.43498

Table 5 Values of design variables at levels -
narrowed search range

levels
design 1 2 3 4 5
variables
x[deg] 17.500 | 18.125 | 18.750 | 19.375 | 20.000
xo[deg] 25.00 | 26.25 | 27.50 | 28.75 | 30.00
z3[mm] 0.1000 | 0.1125| 0.1250 | 0.1375 | 0.1500
x4 [mm] 0.1000 | 0.1125| 0.1250 | 0.1375 | 0.1500

Table 6 L,;(5*) orthogonal array(5 factors, 4
levels)

Exp. | = Ty Ty | X4 (2) ()
No. | level | level | level | level flz 91z
1 1 1 1 1 ]0.965254 | 0.962784
2 1 2 2 2 10.996203 | 0.995840
3 1 3 3 3 11.028302 | 1.028897
4 1 4 4 4 |1.061842 | 1.061953
5 1 5 5 5 11.097152 | 1.095010
6 2 1 2 3 10.964741 | 0.964902
7 2 2 3 4 10.996589 | 0.997959
8 2 3 4 5 11.029743 | 1.031015
9 2 4 5 1 |1.043760 | 1.045184
10 2 5 1 2 11.044030 | 1.042192
11 3 1 3 5 10.965974 | 0.967020
12 3 2 4 1 10.979317 | 0.981189
13 3 3 5 2 11.013337 | 1.014246
14 3 4 1 3 | 1.011362 | 1.011254
15 3 5 2 4 | 1.044065 | 1.044311
16 4 1 4 2 10.950300 | 0.950251
17 4 2 5 3 10.983939 | 0.983307
18 4 3 1 4 10979762 | 0.980316
19 4 4 2 5 11.012032 | 1.013372
20 4 5 3 1 ]1.026778 | 1.027541
21 5 1 5 4 10.955474 | 0.952369
22 5 2 1 5 10.949153 | 0.949378
23 5 3 2 1 10.963227 | 0.963546
24 5 4 3 2 10.996418 | 0.996603
25 5 5 4 3 11.031346 | 1.029660

Table 7 Variations of design variables (narrow
search range, 25 data)

variation variation value percent
S, 0.0080086 224311
S, 0.0243667 68.2478
S, 0.0026083 7.30544
S, 0.0007158 2.00488
sum 0.0356995 99.9892
Sy 0.0357033 100.00
sHE 9,71 AABHE BlEL 100%0]H AR
Ty, Ty, Ty, 1,8 WES ZZE 2243%, 6825%,
7.31%, 2.00%E A8k L 2 99.99%°Itt. =
Ao wEAge] o3 WHEE FHE ZOM
0.01%%HS A8k ZolBE AW, ns4g
< FAE F Aok
g 7t AN e 7 AANSFEE
7} solB2 ZF AAMSERE 12) i, 23f o],
32k oiul, 42} div]e] MFoE EIE 4 9lon |
2k Tl o] BlFo] wj9- A7) HH%OH 22+ ojH], 3¢

WESI2] Astol ola) AAMG Fogk Aol
S Bae FR4L e 4o

sick.
F(2) = ay+ oz, + gy + agey + az, (22)
AATE Tk AAHAA qAES AT

& g AEF A2l Uit AAMTE vt 72

O] —1<z,29252 <1 |55 AFHAIANZITH
2, = (2,—1875)/1.25, —1<2z <1 (23)
2y = (2,—27.5)/2.5, -1<z <1 (24)
zy = (2,—0.125)/0.025, —1<z,<1 (25)
z, = (2,—0.125)/0.025, —1<z,<1 (26)

a2 23)~226)S st Aest
A 227)% 2
g(z)= By + Bizy t Bazo + Byz3 + Bazy (27)

H Aol 93 Table 69 UERD 25719 3¢

“@22)°l

A Aene Fastel Henel A% Tkl 4
@N& T 29 et 2,
g(z) = 1.0036 — 0.0252929 z, + 0.0441387z,
+ 0.014419324 + 0.00755521 2, (28)
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Table 8 Optimal design parameters obtained by
applying the design of experiments and
the complex method

T Tq Ty x4 leaked oil
[deg] [deg] [mm] [mm] volume(cc)
20.00 | 25.00 | 0.100 | 0.100 0914

4.8 B

AU RONN frewe] FHAA v AT
FAFS HLIANIEE FYF2Y HANS F
s 28] dfs d3AGS FEI2He
g8kt

ARAAGHAAN L, (5') AujdEs 625709 A
Aol A 7Hg ZQletias Hadl RAgrEe
Zte AAR S s AREIT o] AAIKE
THOE A2 Sad 2AHeE AAT F
Ly (5') A EEE 283l] a8 FAY oA
MAMSSE BHGFE Aol EASE 24 B3
F5E 2T o ATE B A FrIRe
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S T2E ¢ 5 Aok Aol aely HaAs
Wol o8] 24 ZARe 25709 BAFFES ol
g3tel 74 2ARS AFE 7T £ A
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_il_
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