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Flow Path Using Gaussian—Process—Regression—Based Bayesian
Optimization
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ABSTRACT

This study presents a shape optimization framework for a Tesla valve-type trim to improve cavitation suppression while
satisfying target flow coefficient (C,) requirements. A surrogate-model-based optimization loop was developed by integrating
Computational Fluid Dynamics (CFD), Gaussian Process Regression (GPR), and Bayesian Optimization (BO). To impose the
C, constraint, a constrained Expected Improvement (cEI) acquisition function was formulated by combining Expected
Improvement (EI) with the Probability of Feasibility (PoF). Kernel comparison showed that Sum1 was the most suitable kernel
for the C, GPR model, with the lowest mean error (0.88%) and the highest number of feasible points (23/25), whereas Sum2
was selected for the C; GPR model by jointly considering its mean error (2.16%) and the minimum C; obtained during
optimization (1.113). In the 25-iteration GPR-BO process, the minimum C; was obtained at iteration 11, with C, = 0.0521 and
C; = 1.113. Flow-field analysis of the optimized geometry showed that the expansion ratios (R, and R,;,) and converging angle
(4omy) were selected to reduce local velocity increase while maintaining pressure drop. These results suggest that the proposed
framework is effective for constrained shape optimization of Tesla valve-type control valve trims and for identifying design

characteristics related to cavitation suppression in reverse flow.
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Fig. 1 Installation of a labyrinth trim in a control valve and

flow path pattern of the labyrinth trim disk

-

(RrDm,O - Ds,n/z)

Expansion region

t: thickness of channel

Stage 1 ‘

(2)

o)
-
Q
@
@
g
o
[}
f=1
=
o
-

Velocity inlet

'
'
'
'
'
'
'
'
'
'
'
'
'
4

! Extend 20D,
<—

Fig. 2 2D schematic of the four—stage Tesla valve path: (a)
design parameters and (b) computational domain and
boundary conditions

$-2(Main channel) 2 3735PAA] AE Z=(Jet impingement)
o] HAYstH, ojuff HAFE= UF AUAR =2 A%
g 4= YY), w3, o5 B FHE Ul A 99
(Recirculation region)¢] FAEH, ¢ &AL 7l
olefat B G2 E gach tiStage) ] Z7H} ofd,
w719k S Aol ofgt F7HA 1 &4 Alojek= HollAl 7]
Z Efy} 2pol7} ek, 3t G2 U 4 F7HExpansion
region)& B9 T4 4 ASHS} Y HRE FE 5 9)
ooz FfuEeld A EFor A8 7HsAol wrh

9 B Efol 2857 flsiA= e 4 219 8

SERHMDIHSE =28 29, M4S, 2026

-

rojgs £3 R0 Hao 25

(Flow coefficient, C)S WFESHHA 7)H]
Hol A& Al % F4 st Aasi® aey
HiE B4R £5 @42 2367 wzoll, Akt

=2 3l AT AHARSA D 8HComputational
Fluid Dynamics, CFD) 3fj4]o] Q3 =ch T3t A 23
3} oA ofe] A WMol ek HHs sfjAo] ot
=, QA A4t vlgo] ST

olof| wg} el AW (Artificial neural network), 7}
oot =2 A~ 377 (Gaussian process regression,
GPR), WF% FHH®(Response surface method) S Uz
2 7 WA HH5 A} AaE, olele oY =
g2 G4 &312]Z(Genetic algorithm) Ei= Ho]Z|Qt |
Z|3HBayesian optimization, BO)Q} o] ZAglste], A
Hae 2|4 3to] 2= STt

53] GPR¥} BO= AIgHe dlofE] g4 a&o] =2 A
o2 ZE9Ir}. Diessner” 52 CFD 7|5t A7 £A7}
Lo A ulg-S e sk, JE-58 T = £
"4 (Black—box) ZA0]7] wiZol] BOof| A3tghs 45k
t} Blanchard® 5& L% 9% 7|o](active flow—control)
Aol A GPR-BOZL AlgHel B7F Sl oA aa&dlds
2ok Kumar'” 5-& £2] 7|9} dlo]el& o]-§3}%] GPR-BO
= A S FARE 2o AA MeE BEsHHA,
28 AZRE °F 1/10 o2 @53 ¢ Q52 HAl

2 A= AlojE EF A A AEA, CFD-
GPR-BO ¥4 2243} 7|9& Akl =&4 H&eh ¥E
T2 B7hE SR 3t o Re 4t He HEE
Adstden, 1Y 59 A HMeE Bkl A
Ala=2l 7HuEo] 4 Z|9=(Cavitation index, ()€} G0l st
o ZHZF GPR HYlS =390 n 3E FH(Acquisition
function)= E2Ha/dof thet EA/d50] Fofd El(Expected
Improvement)E H&H3I3ATt, O, of gt Aok 55
S5 (Probability of Feasibility, PoF) W& ARSI,
PoFE ZAgst A|oF 2% 3 & 3~(Constrained acquisition

function)E At FAF FA3E S8stgict

T
HF
o
ot
L
Ly

2. DH Xo|
Lo A= CFD-GPR-BO 7|¥t &4} 22312 93] 4

CH
o Hes B F2E5 A2, Fig. 2(a) =AI8)
et

Dm.n = Dm‘() ><Rd7.ln: 17 D, n D@.O ><Rd7.1371 (1)

s

Al ()& z7] 82 YH|(Width of main channel,
D 09} F-9-2 14H](Width of sub channel, D, )7} & 4=
(Stage number, n)of wet == AL e, F71H]

53



45l - Py
Table 1 Design parameters of four—stage Tesla valve Q= Aulg o)A XS A1tk
Symbol Description Unit | Min | Max
Do Width of main channel mm 1.2 2.0 C= PQ**P:f )
Y Width of sub channel mm 1.2 2.0 ' AR
R. Relative radius 1.8 3.0
Width expansion ratio of main - P
Ras - Lo | 13 Mol E2E A EReA A7 dE), 27
(P, %A A org ol e H]g]o] 4
2 Width expansion ratio of sub 1o 13 H “1(P2y) T o o LH “’]—‘— H ﬁ(PM)‘/] \:I‘l"E 7H lEﬂ ] lj
s channel ’ ’ A4S AT 5= k. 2 AFolA= Arldold oA A
G Diverging angle deg 55 75 Y 7Eo s &E3T
G Converging angle deg 100 120
. Thickness of channel mm 2 4. CFD sl dity

(width—expansion ratio) B, Ry.+= 44 329 CFD AL A Y& o=9 7}@6]—01 Re = 50,000 &
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(Relative radius, £)2 J3¥ &5 A4S Aofsit), Aoz AAstgon, 1= A7) 48 0 Pag o g:rL

SHH 20& fols= —’FReynolds number, RS 7IE  zdom st E3 A4 SEAL kol7] 93
stow, HsHy 24 (Hydraulic diameter, D) =8 J(Trim section)®] YT WaF 20D, =+ aF
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o714 £ 98 =AE Ry p, = 2922 sjze o dH 7ol wE A A o A
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ou;
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Pl P, - N
G =3 (3)  (Smooth wall) A7} F2HNo-slip) A& AHaiLY,

Table 2 Specifications and versions of the software tools
used in the CFD—GPR-BO simulation
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o et N2 ] Fhab Almolot, 9] A whEt G = 60 Python Connect CFD-GPR-BO 3.10.18
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M= AlFxA 7oz BRI SpaceClaim 3D design using script 25R2
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Table 4 |Initial training data samples for GPR training
including design variables and CFD results
o Duo | Dso | Rim | Ras | R | Ceom | O Cv7 G
mm | mm - - - deg | deg | 107| -
1 1.7 | 12 | 1.1 | 1.1 |20 110 73 564|131
2 16 | 1.7 | 12 | 13|27 | 111 56 599 1.16
3 12 | 15 1 1 |29 115 66 |3.69| 1.29
4 19 [ 19| 13 | 12|24 104 63 |7.70| 1.16
5 19 | 1.6 | 12 | 12|23 107 70 | 6.95| 1.20
6 14 19| 1.1 | 1129 113 61 |4.83| 1.21
7 14 | 13 ] 1.3 | 13|26 118 72 1530|115
8 1.7 | 1.6 | 1.1 | 11|22} 101 60 |6.06| 1.24
9 16 | 14 | 12 | 1.1 ] 27| 103 69 597|121
10 15 |19 | 1.1 | 12|21 116 60 |5.18| 1.21
11 13 | 13 ] 12 | 11|25 112 70 | 4.62| 1.22
12 19 | 1.8 | 1.1 | 13|28 | 108 58 ]6.66| 1.20
13 1.8 | 14 | 1.0 | 1.2 29| 101 74 585 1.27
14 13 | 1.7 | 1.3 | 1.1 |24 119 57 1489|115
15 15 | 1.5 ] 1.1 | 1.2]22| 115 67 |501| 125
16 1.8 | 1.8 | 12 | 10|25 106 64 646 1.23
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Table 5 Summary of kernel performance for GPR models

C, GPR
Kernel (02 ) Ez;'/':;c NRMSE F;isilnbtle
Matern 52 | 226 9.05 0.00163 17 /25
RBF 120 7.61 000107 | 21/25
RQ 2.26 7.72 0.00155 | 20 /25
Suml 0.88 431 000076 | 23 /725
Sum2 120 405 0.00083 | 22/725
¢, GPR
Kernel (02) e(%”;‘ RMSE Comin
Matern 52 | 2.70 10.01 0.04383 1.105
RBF 3.04 9.81 0.04645 1122
RQ 2.17 9.80 0.03591 1129
Suml 1.68 7.56 0.03033 1122
Sum2 2.16 7.07 0.03071 1113
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Table 6 Detailed results of the update points for the

minimum C;
iteration C, C; Norm[EIL] PoF;
1 0.0508 1.133 0.6605 0.7944
3 0.0506 1.131 0.1184 0.9999
4 0.0511 1.131 0.0496 0.9123
6 0.0497 1.128 0.0453 0.9963
11 0.0521 1.113 0.0157 0.8990
£ 0,10/ A7 (XDP(Zi(x7) 0i-1(X)P(Zi(x")) | 00100 g
2 8
§ F0.0075 E
5 0.051 £0.0050 E
2 2
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