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ARTICLE INFO ABSTRACT
Article type Impinging gas jets exhibit complex transient structures because of interactions among flow
Research Article momentum, species mixing, and the impingement plate. This study examines the evolution and

mixing of a transient helium jet issuing from a 0.8-mm-diameter single-orifice nozzle at a

Article history pressure ratio of 5 and a nozzle-to-plate distance of 20 mm using time-resolved Schlieren imaging
Received 2026.02.10 R . . R L. . . .

Received in revised form: 2026.03.18 and transient numerical simulation. For quantitative assessment, experimental and numerical jet
Accepted:2026.03.25 widths were compared at several axial locations, and transverse helium mass-fraction profiles
Available online: 2026.03.29 were extracted. Maximum mass fraction, half-width at half-maximum (HWHM), and spatial
Keywords decay rate of the jet core were analyzed. The maximum helium mass fraction decreased from
Helium Impinging Jet 0.949 at 5 mm to 0.138 at 19 mm, corresponding to an approximately 85% reduction in core
Transient Mixing concentration. Over the same interval, HWHM increased from 0.469 to 2.509 mm, indicating
Time-Resolved Schlieren Imaging more than a fivefold expansion of the mixing-zone width. The spatial decay rate of the core

Computational Fluid Dynamics

- decreased from 0.139 to 0.014 mm ', showing that core dilution was nonlinear and most intense
Species Transport

near the nozzle. Analysis of the velocity field, streamlines, and vorticity indicated shear-layer
formation and entrainment of ambient air into the jet. Velocity and pressure profiles revealed
reduced axial momentum, enhanced radial motion, and central pressure recovery, indicating
stagnation-region formation and momentum redistribution before wall-jet development. Results
show that core-concentration decay and transverse mixing-zone growth proceed at different rates;
hence, simultaneous assessment of concentration, width, and dynamic metrics provides a more
comprehensive description of impinging-jet evolution.

Introduction

Impinging gas jets are widely encountered in fuel injection, combustion, heat and mass transfer, and cooling
systems. Interaction of a jet with a solid surface produces complex transient flow structures involving shear-layer
development, entrainment, stagnation, momentum redistribution, and wall-jet formation. Although many previous
studies have investigated free gaseous jets, comparatively fewer studies have addressed the transient evolution and
mixing of low-density impinging jets. Moreover, Schlieren imaging primarily provides information on density-
gradient structures and macroscopic jet development, whereas CFD enables quantitative investigation of species
concentration and dynamic flow quantities. Therefore, the present study combines high-speed Schlieren imaging
with transient CFD to investigate a helium jet issuing from a single-hole nozzle and impinging on a flat plate.
Particular attention is given to jet-core dilution, transverse spreading, velocity and pressure variations, vorticity,
stagnation-region formation, and quantitative experimental-numerical comparison of jet width.

Materials and Methods

Experimental data were obtained using a high-speed Schlieren system at the Turbulence Laboratory of Monash
University, Australia. Helium was injected through a 0.8-mm-diameter single-hole nozzle at a pressure ratio of 5
toward a flat plate located 20 mm downstream of the nozzle. A sequence of 101 images captured the transient jet
evolution from the beginning of injection through impingement and subsequent flow development.
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A two-dimensional transient CFD simulation was performed using ANSYS Fluent 2025. The compressible
turbulent helium—air flow was solved using the density-based solver, SST k—w turbulence model, and species
transport model. Local mesh refinement was applied near the nozzle, jet-development region, and impingement
surface, and grid independence was assessed. A UDF was used to prescribe the transient inlet-pressure profile.
Transverse helium mass-fraction profiles were extracted to determine the peak mass fraction, half-width at half-
maximum (HWHM), and spatial decay rate of the jet core. Velocity, pressure, streamlines, and vorticity were also
analyzed. Experimental and numerical jet widths were quantitatively compared at four selected axial locations.

Results and Discussion

The results showed progressive dilution and transverse spreading of the helium jet as it approached the
impingement surface. The peak helium mass fraction decreased from 0.949 at 5 mm to 0.138 at 19 mm downstream
of the nozzle, corresponding to an approximately 85% reduction in core concentration. Over the same range, the
HWHM increased from 0.469 to 2.509 mm, representing more than a fivefold increase in the characteristic
transverse width. The spatial decay rate of the jet core decreased from 0.139 to 0.014 mm™, indicating that core
dilution was nonlinear and most intense in the near-nozzle region.

The velocity field, streamlines, and vorticity distributions revealed shear-layer development and entrainment
of the surrounding fluid. As the jet approached the plate, axial momentum decreased while transverse motion and
central pressure increased, indicating stagnation-region formation and momentum redistribution before wall-jet
development. Quantitative comparison of experimental and numerical jet widths at 5, 11, 15, and 18 mm showed
relative errors of 9%, 7%, 8%, and 18%, respectively, with a mean relative error of 10.5%. The numerical
simulation systematically predicted a smaller jet width than that obtained from the Schlieren images.

Conclusions

The combined Schlieren and CFD approach provided complementary information on the transient evolution
and mixing of the helium impinging jet. Jet-core dilution and transverse spreading occurred at different spatial
rates; therefore, neither parameter alone is sufficient to fully characterize the mixing process. The simultaneous
analysis of helium mass fraction, HWHM, core-decay rate, velocity, pressure, and vorticity provided a more
comprehensive description of jet evolution from the near-nozzle region to the impingement zone. The quantitative
experimental and numerical comparison yielded a mean relative error of 10.5% in jet width, providing a direct
measure of agreement between the two approaches. The present study is limited to a single pressure ratio, nozzle
diameter, stand-off distance, and a two-dimensional numerical configuration. Future studies should investigate
wider operating conditions and three-dimensional flow structures.
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Figure 1- Computational mesh used in the numerical simulation with local mesh refinement around the nozzle and impingement
plate
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Figure 2- Enlarged view of the computational mesh in the jet development and mixing region showing local mesh refinement
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Figure 3- Schematic of the computational domain, injector-orifice geometry, principal dimensions, and boundary conditions applied
in the simulation of the helium impinging jet
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Table 1- Computational grid specifications and results of the grid independence study

Grid Number of Cells Maximum He Mass HWHM Maximum Velocity
Fraction (mm) (m/s)
Coarse 55,025 0.146 2.490 145.588
Medium 108,926 0.138 2.509 147.582
Fine 212,950 0.136 2512 147.704
Relative Difference (Medium—Fine) (%) — 1.47 0.12 0.083
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1 Grid Convergence Index (GCI)
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Table 2- Grid Convergence Index (GCI) results based on the maximum helium mass fraction

Parameter Value

21 1.398

r32 1.407
Observed order, p 4.035
Extrapolated value 0.1353

GCI21 (FineMedium) (%) 0.64
GCI32 (Medium—Coarse) (%) 2.44
Asymptotic ratio 0.986

QLQ}HAJ§web£Q;J}I6ﬂmosaouu¢$Jujhimkﬁ5u;Eb6~nga5 &gm¢%AS¢w}h}ob@3m
kol s lwancd gl Joko Vo AAYE L Lawgie aSils Gl g ycnlil o)l s 5 (g0g90xe )ub oy A 4 Jawgie
WS o 6 S ol 5y aSl Sl eslain 5l LaU Slawle 4 i axgi B 20138 51 il cds ik e

Jo laalild g 550 bl b
solitens 5 0 Jlasl (509,5 )L2d b5 J3U (599,555 by (olRialojl luly Gulul 2 s00s Joe 550 Ll
A (Byme 38l 5w TS Lawgs sadiiy yad ol 5l solaiul b (09,9 ,Lid Slej Ol (5,5 5T 51,38 L8, olb
435 ol et S o olmal ) 6Tl ssliieds 5 0 Jlac ho g JLE3 L g 5 Lt by aials (25 0
Sl joab axd )5 i jo Goial pae byd b oSla o)lgns & g0ty 550093 o ad Jlab (285 5 by 5l 655l
o3lil 3,90 (55 p0 Lulpd ad o S plp J3B 62959 59 poele (g0 ;S g 00l I b (Slowlone aials luans

| 00 djl)‘ Y de.> )

soue §5lwands )0 oud Jlos! 5550 byl =Y Jgur

Table 3- Boundary conditions applied in the numerical simulation

Boundary / Region | Boundary Condition Specification
Nozzle Inlet Pressure Inlet Time-dependent pressure profile (UDF)
Domain Outlet Pressure Outlet Gauge pressure = 0 Pa
Impingement Wall No-slip Wall Stationary wall
Injected Gas Helium Helium mass fraction = 1.0
Initial Domain Air Air mass fraction = 1.0
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Figure 4- Time history of the inlet gauge total pressure imposed by the UDF
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Table 4- Main numerical simulation settings

Numerical Parameter Value
Solver Density-Based
Solution Type Transient
Turbulence Model SST k~w
Species Transport Model Enabled
Working Fluids Air-Helium
Pressure Ratio (PR) 5
Ambient Pressure 101325 Pa
Final Absolute Inlet Pressure 506625 Pa
Final Gauge Inlet Pressure 405300 Pa
Inlet Temperature 293 K
Helium Density 0.1625 kg/m?®
Air Density 1.225 kg/m®
Mean Velocity Magnitude at Nozzle Exit 650.82 m/s
Maximum Velocity Magnitude at Nozzle Exit 798.26 m/s
Time Step Size 1x10%
Total Number of Time Steps 122,000
Maximum Iterations per Time Step 4
Data Saving Method Autosave (Case & Data)
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Table 5- Results of the time-step independence study
Time Step (s) | Maximum He Mass Fraction = HWHM at x =19 mm (mm)

2x10°8 0.138838 2.553
1x10°8 0.138021 2.509
5x107° 0.137890 2.502
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Figure 5- Schematic illustration of the Schlieren experimental setup used to investigate the transient helium impinging jet
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Figure 6- Actual image of the Schlieren experimental setup used to investigate the helium impinging jet
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Figure 7- Actual image of the Schlieren experimental setup used to investigate the helium impinging jet (another part of the
equipment)
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Table 6- Main experimental conditions and Schlieren imaging system specifications

Parameter Value
Working gas Helium
Injector type Commercial single-hole Hitachi injector
Nozzle diameter 0.8 mm
Nozzle length 1 mm
Nozzle-to-plate distance 20 mm
Pressure ratio (PR) 5
Ambient pressure 101325 Pa
Gas/ambient temperature 293 K
Injection duration 5 ms
Schlieren configuration Z-type
High-speed camera Shimadzu Hyper Vision HPV-1
Frame rate 5333 fps
Image resolution 512 x 318 pixels
Number of images per test 101
Image format Bitmap
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Figure 8- Temporal evolution (ms) of helium mass-fraction distribution and impinging jet development from nozzle exit to wall-jet
formation.
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Table 7- Variations of the maximum helium mass fraction and the half-width at half maximum (HWHM) at different axial locations
Axial Distance from Nozzle (mm) | Maximum Helium Mass Fraction | Half-Width at Half Maximum (HWHM)

5 0.949 0.469
8 0.531 0.726
11 0.310 1.135
15 0.192 1.686
19 0.138 2.509
Helium Mhss Fraction Profiles at Differ ent Streamwise Locations
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Figure 9- Transverse helium mass-fraction profiles at different axial locations downstream of the nozzle exit.
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Figure 10- Variation of the maximum helium mass fraction and spatial decay rate of the jet core along the flow axis
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Spatial Decay Rate of the Helium Jet Core

0139
0.14

0.12

0.10 A

0.08 074

0.06

0.04

0.02 1 0.013

6.5 9.5 13.0 17.0
Axial location, x (mm)

Spatial decay rate of maximum helium mass fraction (mm~1)

Figure 11- Variation of the spatial decay rate of the maximum helium mass fraction along the jet axis
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Transverse Pressure Profiles (c)
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Figure 12- Transverse variations of flow dynamic quantities at different axial locations downstream of the nozzle exit: (a) axial
velocity component, (b) transverse velocity component, and (c) pressure
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Figure 13- Velocity field and shear-layer structure of the impinging jet: (a) velocity-magnitude contour with streamlines, and (b)
distribution of the out-of-plane vorticity component

Sl alie @398 (@ ol bobs Lol jop e puw oIl 5 gi8lS (A998 p Cer (b 1Y HLS Lo g e Gluge VY S0

A g Ao

sl b (59700 ST 1alS caio S0 5 oS wims oe (LS Lo (2852 9 (5970 (SWaadhe (lojed Dl pok cnlplo
J975 0pl b3 JLad @jes S oo wal B 1) 0,95 50 5l g Slojlnes by JSCaS iy 5 Sl ol o (b 2 (o0 &S >
Gpee addie J1alS b lojen (635 0 amb (o JLad (iol38l )55 amine SGoy ahte jo .l [l e loss

b b gyamme e il sl pl o icenl 055, 4l 4y b ye Hai S0 dasiice 4 9gd oo odalie Ce



" (60395 3 o BB (51,05 ol d (o125 9 600 o)y

GRS (p)e ES > dnwgi g Gl Cuz et )0 Axho O sl ;0 oadobnl jLad (LIS 5 edg ol e (Sliul Lad
5SS sy @5l Jols )95 a1y 45 900 o LS s ailho 90 5 ,Lid (e Bloje gusy a0 000
el Glojlgas By A I i 9055, 4l hSiT 5 g0 ,e bl 4 (555 Ll

S (oo JooSS 1) pgala (o0 S p (e el Lid g S yg 0l 2 boha wlie p lee oS cEgeze )
3939 sisy Y dngs b oSl citnss 455 lotna 50 s Bpo i i 0 (200 SRl g e kel
o 90 Wl pem 5,65 1y amio O jglxe 10 Gl Cuz sk Sole y0 9 GG Jll e axl 4 e L
4 Gl 4 S 5097 0 S )35 J925 5l 65 (o5 hog (Ol (Seslud lateS g 455 lane (lojen
WS oo polp ol oy S @y
Ok pglai jlesliwl b (goae Juo (2w sLe!

ol e polai b (siludnd @l cpgele (63,55 S (aBly J18) 0ol jo soue Jue Sl oLl jekaieas
e Jald by Sl (S dunlie (anss Al pe 50 0 anolie B2y a5l bl gl alad wiz yo ilejl ]
28 AT len 285 el slojles by (B 59,55 5 5l o Ol SuE S )93 4l BSES (o anngs
eibie Bl Cor JolSS (Sloj gy 9 S8 2 e (S JSB a0 51 05l pglal g (g3ue gl wgd oo onalie VF JSCS
)55y aho &y (pad (Su03 L Bl drwgd SO L aes S Sygoas J3U 5 @y 5l G S Ry, 90 8 40
o Y 0l Grizres 09 o0 00 Slael o eled (lyr JSES g 055 5l g 00,8 My GBS i
09y 30 5l Jol slaosls Cumle Ciglds 4 azxgi b .ol oamline LB ig) 90 2,0 LS| 4l (o a5 (il
Ll poele (o) pS @395 00 @S g Wghioe JSS (JB pLolS St Golal 2 G5l polas oS 555k
wla,bisbe adgisly o Joo (2l (ow)p aSl w0dgs (b2 lawe polie pelins Bl (05 alie 5l Ban S o
i el 99 (S amglie pogdle (i ltel s l Pl jshiieds il 03g o Sloy oSS W9, 5 b2 (Ll
Sl @i b g gl 3l (o8 Sy900 995 2 5l Ol (55T Elad 99,95 2 5l Gy S (559700 3985 oo Jals

s alols ulul bl gl S5l ey (2R EaLT ol gy el paslas ) (pin (sla el s @l el (sl
gl (Gloy lide Jolye 50 S osaline JB ) pe Sundgn g 28T 15 (o) 23590 (Raishen Vo) 093 azmio b 30
13 Yi1e= 0.05 gl il ok b posle oyz yuS 555l i duglio BB 5y0 ciy o5 jsliteds o5 g00e gl o b
e (§sme S98 Job cians Al pe o0l i Bl slaglej sl e Gl CasBse g ol ool CFD-Post )l 5
B3 955 5l o alighn <10 5 YYD /YO Jolts gloj alamd ans jolaie (ul (sl ol (g )2 b0 ys5 2 5l JS
50 0l ol aes oo (LA 1) 9,65 adasd g ojleas A ol Soo3 e adgl anwgs ol cud ey a5 al Gkl
o @Y SE b 1) 355 ambio &) Gl dnms (e 5 S 0y Wigy el o6 (5308 e 45 amd e LS A Jgax
Jow cwlin ollss oamolid a5 cunl 009y Qo yd VIV sy cpl 0 0,28 9 o0 gl o DS iy S

ol 3585 1 5l i 4B 0 WSS il g co oS e plessh j0 1,35 eSS



)y (VF+0) Y oyl N8 0,90 «(§/pin/ § &S g oh)en g Sloos ) Lo oo

809 (G lwdunds 9 & ylid 7 LS o e (5 )90 B9 Job dmmlin A Jgu

Table 8- Comparison of the axial jet penetration length obtained from Schlieren visualization and numerical simulation

Time (ms) Schlieren penetration length (mm) CFD penetration length (mm) Relative error (%)
0.250 9.15 8.90 2.7
0.375 17.16 17.02 0.8
0.500 20.10 20.00 0.5
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Table 9- Comparison of the radial spreading radius of the wall jet after impingement obtained from Schlieren visualization and
numerical simulation

Time (ms) Schlieren radial spreading radius (mm) CFD radial spreading radius (mm) Relative error (%)
0.875 11.73 10.30 12.2
1.000 13.22 12.02 9.1
1.125 15.05 13.47 10.5
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Table 10- Quantitative comparison of experimental and numerical jet width at selected axial locations

Axial Distance from Nozzle Exit Experimental Jet Width Numerical Jet Width Relative Error
(mm) (mm) (mm) (%)
5 3.669 3.339 9
11 5.067 4.712 7
15 7.513 6.912 8
18 10.658 8.740 18
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Figure 14- Qualitative comparison between Schlieren images and numerical results at selected stages of transient impinging jet
development.
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