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Fig.1 Diagram of laser drilling method'"
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Tab.1 Process parameters table

Parameters Value
Rotation speed/r-min”" 2 400
Laser frequency/kHz 100
Single pulse energy/pJ 20-140
Single layer feed/mm 0.01-0.04
Single layer scanning time/ms 200-1 200

Conveying pipeline
Clamps

L |

Test plates
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Fig.4 Schematic diagram of the flow test apparatus
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Tab.2 Effect of internal wall roughness on flow rate

Roughness height/mm Hole diameter/mm Flow deviation

0.39
0
1
0.39 -3.30%
0.01
1 —0.32%
0.39 —4.85%
0.03
1 -1.21%
0.39 —5.96%
0.05
1 —1.54%
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Fig.10 Curve of hole depth versus water flow

3 IEHSILRENIZMAREIE

L3 A v O G BRE AE B 1 T PNV A IR E
& 8, WAk b 2z 1) i B 2 B2 pl SO Bk b R A
I8 e A TR ) o a0 SR B R e Rk e R
A, D25 T SO AR 5> 6 BE 1 5 S 5 4 T AL A/,
AT IO 2 B DX m ARG . A R i 4 SRk
BH . i % 7 2400 r/min, FOEH R 100 kHz (915 &
N, B AR gUEE E G, E 11 R, Hsch
I BRAE L L TS E0N IR JE1 71

200 pm

B ALEEZHEIESNT L. (2) AL (b) TEREM AL
Fig.11 Comparison of two-dimensional morphology of hole walls.

(a) With vertical stripes; (b) Without vertical stripes
BEAL, AR B rh & B, AP HO 5 E
FLI73K, T SO0 N BE MRS B2 2 i 52/, BT A AL
A BEMLAE B 7E Ra0.4~Ra0.5 um 3 N30, 4nl&l 12

20220454-5



i E ok A2

www.irla.cn

# 52 A

% 4
= [ |
Sl MNb o

20 40 60 80 100 120 140 160 180
Position/um
(b)
P 12 BUAL P RE =2 A RO AE I 22

Fig.12 Three-dimensional morphology and roughness curve of the

-20 0

internal wall of the microhole

Ly F
1 Entrance

7R o DR, AERT AL AR T8 B0 0T o P 5 ), R RS
X B A S e ] 2 AT R, S SR TARAURF A
6] T S B0 1 52 B
3.1 HRkiEEE R RN

Bk R R S O O T R S, SR B
ik vp RE 120 31 R 20~140 pl | B4 2 R ] 1000 ms.,
HZ PSS 0.01 mm, Ui LR 380 um #E1TiK 5, AT
DL Hh, Bl 20k o B A G 3, A L AR 0
K, Hiby OB R py S am e, i 13 Bios . R
FEF: P HOCOLBERE & 2 & 0 i, R BOR R LK
PR I8 B0 AR X B 8 A A Y 6 B 1 BRAS [
B Jok b A AR A, A B ol (B R 1 O B T R
K, FLARR I K A, B e A FL e A b s a5 1)
THELE, B E 4G 237 218 FORS T OB AR Y
M, EREHRWER T RN RARFH O
o HH T A B b AL 7= A 0 45 88 T IR 2 il
WA BOGEE R, 50 T DA E, i T e s
S35 WO Y B AR AR, S SO L AR Y
W/

20 40 60 80 100 120 140
Single pulse energy/uJ

P 13 ko aE a0 A D B R

20220454-6

|
i
% =~
*;é 10 k __! ——a— Entrance g
3 / e EXit 4]
kS| ~
K o ——vy— Taper 106 ¢
=]
T 280 | / \\'
TT~——y
240
40
200 L L 1 L 1 L L

Fig.13 Effect of single pulse energy on entrance and exit diameter and taper



s Gk A2

% 44

www.irla.cn

23

% 52 %

32 BEERHMENZIE

SO T, 8 TR R S5 2 Z i T Ay 4]
P, WAZRORTIE B2 SR I [R] DY, SO WAV e Y
WRETZ h A A, AT R — 2. R, 2
J0 JE AL JZ A R TR =P T R B e R . i TR
B e BB TE BT AR G B B 45 R B 220 T 2 /0 1
Bo RERV b, Y55 RS Ry 200~1200 ms Hif
InTRECR 8~48.

B LK v e 140 wI, B2 HEZA & 0.01 mm,

MEntrance

o g

PR ALAE 350 pm BEATIKE: . 14 A, B R
FA N R A3, A LA B AT A [ R B A 4
55 ALK R RE B R LA L, M AR B A T
RAEACTH I o LN TE T 25 502 31 40 6 [R) B50R
A HALARE ek BN, 765 22 B fL 2 v, B2
AR, T LR BRE 2 0 R R, H A R3S K
AT LA IR 25 B A BOE RE B Y T AR R W, AT
TR E LA, fRL R R A

g
=
5 340
3 =y
g kS|
] o]
S| 4 06 S
%’ ~—a- Entrance N
T e EXit

330 b =—y—— Taper

L v v - 0
320 L L L L 1 1
200 400 600 800 1000 1200

Single layer scan time/ms

FEl 14 SAEI RIS HHA 1 AR e B 5

Fig.14 Effect of single layer scanning time on entrance and exit diameter and taper

33 BEHBEMNHM

[ 5 Bk BB B 140 ., B2 44 B[] 800 ms.,
P LAE 350 pm S4TGB 15 WA, Bl L2
RS AN, A D FLAR YA R [ AR B A R AR, L
I FLAR FRARRR B o B, JR R A T Y T Rk
FERCRE, WOLE SN TR TIZM T 77, BB &
B, VR TR0 TR R O BRI 2% R AT, 3K
AR ARAS BIA R BR, SRR HR T
AN Tt R, A T G 227 31 B AR T 0
B AR T AA D ALAR AR AN B S R, SRR
T i v SR 45 A A 0.01~0.02 mm,

4 ITEMHm

HRAE AR T2 SHONFLAR 1 52 i B, 356 FH SRk
MHEE R 140 pl, BAZFHEETE] 1200 ms, PAE PE LA B
0.02 mm, FEEFLAE 390 pm, W75 A 1 FL4% 394.8 pm,
H LA 394.2 um, #EFEH 0.01°, WAL 16 i, fEE

2T 10 AL K N, SRR 3.28 g/s,
Y s Ry 3.23 gfs, Fe /DL EE A 3.17 gfs, Hx K AW 25
1.8%, W /2 (IR o f T it a2 O it >R A KOR AR
B, WA R RS RO 22 5, R JE I DR AIE
FLI S AP RE, BT LALE K DU 350 vt 55 Ak BEAS

20220454-7



ash 5 kTR

% 44

www.irla.cn

200 pm

5

Q

g 340

E ~—a- Entrance

£ weme EXit
335 L ——vy— Taper
330 1

(o)/1odey,

0.01

0.02

0.03 0.04

Single layer feed/mm

[6 15 BRGSO I AR B HE B e

Fig.15 Effect of single layer feed on entrance and exit diameter and taper

500 pm

500 pm

Kl 16 WALRIT 4B . (a) AH; () thH
Fig.16 Two-dimensional morphology of microporous surface. (a) En-

trance; (b) Exit
HARZR
5 & 1

SCHR IR T L5 X R A I 2l A 5 e 4 K (i
BEIBTTE, FF R FHMOCHERe il FLIK J7 3k X L A 40125
RUEATIAUE, FF AT T kel E L FLZ S R A
RS EXHLBR AR . A A ERASHE T

(1) /ML F2 2 A LR R/NRGE , TR X
FLARA R B T3, FLOR L B [50 J3E X L J dat HE AR C

S

(2) FLEERLRE B R, i BN, X/ NFLAR 52
WE . YRR 0.01 mm, KUK R BN 0.8 i,
0.39 mm FLA2 3 AR 3.30%, 1 mm FLA2R 37 A0 A AR
0.32%.

(3) B Jok b il 2 X FL AR B B B 1) R ) A 8 PR
ik b BE S AOR, HY A T LA N, R ARG

(4) BT 1o T R B 2 3 5 5 6 FLAR RN 8 1Y)
SO AN G o 2 A I T A S K R B2 0 4
Vol /N 47 5 f S BRI, 2 25 7E 0.01 mum (14 B2 3F
Y5 PSS T 0°, HEAE N T I R v A o2 ik 4 i s
£ 0.01~0.02 mm,

(5) M b T2, (i FL A e 25 45 il 765 pm 4,
HERE N 0.01°, 7Kt i B KA 25 1.8%, W6 A2l FHEEK

&% 3k

[1] Marimuthu S, Elkington H, Smith B. Millisecond fibre laser
drilling of thick-section aerospace alloy [J]. The International
Journal of Advanced Manufacturing Technology, 2022,
119(5): 3437-3447.

[2] Ohnabe H, Masaki S, Onozuka M, et al. Potential application of

ceramic matrix composites to aero-engine components [J].

20220454-8


https://doi.org/10.1007/s00170-021-08435-y
https://doi.org/10.1007/s00170-021-08435-y

4 3

s Gk A2

www.irla.cn

Composites Part A: Applied Science and Manufacturing, 1999,
30(4): 489-496.

Sezer H K, Li L, Schmidt M, et al. Effect of beam angle on
HAZ, recast and oxide layer characteristics in laser drilling of
TBC nickel superalloys [J]. International Journal of Machine
Tools & Manufacture: Design, Research and Application,
2006, 46(15): 1972-1982.

Wang Chunhui, Zhang Litong, Liu Yongsheng, et al. Ultra-short
pulse laser deep drilling of C/SiC composites in air [J]. Applied
Physics A Materials Science& Processing, 2013, All11(4):
1213-1219.

Holder D, Weber R, Graf T, et al. Analytical model for the depth
progress of percussion drilling with ultrashort laser pulses [J].
Applied Physics A Materials Science & Processing, 2021,
127(5).

Franco A, Rashed C A A, Romoli L. Analysis of energy
consumption in micro-drilling processes [J]. Journal of Cleaner
Production, 2016, 137: 1260-1269.

Zibner F, Fornaroli C, Holtkamp J, et al. 1 pm adjustment-
tolerance for high-precision helical laser drilling[C]//Proc SPIE,
Optical System Alignment, Tolerancing, and Verification IX,
2015, 9582: 95820C.

Lee H M, Choi J H, Moon S J. Determining the machining
parameters for femtosecond laser helical drilling of
aluminosilicate glass substrate [J]. International Journal of

Precision Engineering and Manufacturing, 2017, 18(7): 923-

[10]

[11]

[12]

[13]

[14]

[15]

930.

Lendner F. Smart ultra short pulse laser processing with rotating
beam: laser micro drilling, cutting and turning[C]//Proc SPIE,
Laser-based Micro- and Nanoprocessing XIV, 2020, 11268:
112681Z.

Fornaroli C, Holtkamp J, Gillner A. Laser-beam helical drilling
of high quality micro holes [J]. Physics Procedia, 2013, 41: 661-
669.

Yuan D Q, Di J K, Zhou M, et al. Formation and characteristics
of through holes with picosecond-laser helical drilling on alloy
material [J]. Journal of Russian Laser Research, 2017, 38(2):
191-198.

Liu Yongsheng, Wang Chunhui, Li weinan, et al. Effect of
energy density and feeding speed on micro-hole drilling in
C/SiC composites by picosecond laser [J]. Journal of Materials
Processing Technology, 2014, 214(12): 3131-3140.

Zhang Ruoheng, Li Weinan, Liu Yongsheng, et al. Machining
parameter optimization of C/SiC composites using high power
picosecond laser [J]. Applied Surface Science, 2015, 330: 321-
331.

Katopodes N D. Free-Surface Flow: Environmental Fluid
Mechanics, Chapter 8-Turbulent Flow[M]. Oxford, United
Kingdom: Butterworth-Heinemann, 2019: 566-650.

Nakayama Y. Introduction to Fluid Mechanics[M]. Oxford,

United Kingdom: Butterworth-Heinemann, 2018.

Numerical simulation of oil supply holes flow and optimization of

its femtosecond laser processing technology

Zhang Zihao', Wang Xu', Huang Yichen', Li Fuquan', Li Liqun'", Lin Xiaochao®, Yang Shirui’, Guo Peng’

(1. State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Harbin 150001, China;

2. Beijing Power Machinery Research Institute, Beijing 100074, China)

Abstract:

Objective The uniformity of oil injection flow of the aerospace engine oil supply device is a key technical index

to determine its performance quality, in which the shape and size of the injection hole and the state of the internal

surface are important influencing factors of the oil injection flow. The traditional oil injection hole processing

method is based on EDM, there is a thick recast layer, and the processing efficiency is low. The laser hole is made

with a typical non-contact hole making method, which has significant advantages of high processing efficiency,

good quality and less recast layer. In order to meet the high-efficiency and high-quality manufacturing

requirements of a certain type of aerospace engine fuel supply device, the ultra-short pulse femtosecond laser

screw hole making process with a pulse width of 200 fs was adopted, and the flow numerical simulation and
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process test study with 0.39 mm hole diameter as the processing benchmark were carried out for the 1.5 mm thick
GH3044 nickel-based alloy material.

Methods By means of numerical simulation, the effect of hole diameter (Fig.6), taper (Fig.8), roundness (Fig.9),
internal wall roughness (Tab.2) and hole depth (Fig.10) on the flow rate of oil supply hole is studied. The effect of
single pulse energy (Fig.13), single layer scan time (Fig.14) and single layer feed (Fig.15) on the hole diameter is
analyzed, and the hole diameter deviation is controlled by process optimization to ensure the flow stability.
Results and Discussions Numerical simulations were used to investigate the factors influencing the hole flow
rate. The results show that the hole diameter is the main factor affecting the hole flow rate, and the flow rate is
linearly related to the square of the hole diameter (Fig.6). The internal wall roughness has an inhibitory effect on
the flow rate of holes. For a 0.39 mm diameter micro-hole, the flow rate is reduced by 3.3% when the roughness is
0.01 mm and by 5.96% when the roughness is 0.05 mm (Tab.2). The roundness (Fig.9) and height (Fig.10) of the
micro-hole had no significant effect on the flow rate. Since the hole internal wall roughness of the femtosecond
laser hole making was low and did not change significantly for different process parameters, only the effects of
single pulse energy, single layer scan time and single layer feed on the micro-hole diameter were investigated.
The process optimization was carried out according to the effect law of different process parameters on the micro-
hole diameter. Using the optimized process for drilling, the maximum deviation of micro-hole water flow rate is
finally less than 1.8% to meet the usage requirements.

Conclusions In this paper, the influence law of micro-hole quality on water flow is studied by numerical
simulation. The micro-hole flow rate is mainly determined by the diameter of the hole entrance and exit. Under
the premise of the same entrance and exit hole diameter, the depth and roundness of the hole have basically no
effect on the hole flow rate. The larger the roughness of the internal wall of the micro-hole is, the smaller the flow
rate is. The smaller the hole diameter is, the more significant the effect of roughness is. When the roughness
height is 0.01 mm, the flow rate of 1 mm diameter is reduced by 0.32%, and the flow rate of 0.39 mm diameter is
reduced by 3.30%. The effect of process parameters on the micro-hole diameter was analyzed. With the increase
of single pulse energy, the entrance and exit hole diameter increased simultaneously and the taper decreased. The
effects of single layer scan time and single layer feed on hole diameter were not significant. Finally, the deviation
of the hole diameter was controlled within £5 um and the taper was 0.01° by process optimization. The water flow
rate test was conducted, and the maximum flow rate was 3.28 g/s, the minimum flow rate was 3.17 g/s, and the

average flow rate was 3.23 g/s with a maximum deviation of 1.8%, which satisfied the usage requirements.

Key words: femtosecond laser;  oil injection hole;  numerical simulation;  helical drilling
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