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Abstract

This experimental study investigates the stagnation region of a swirling flow entering
an automotive catalyst substrate. A methodology is established using stereoscopic
particle image velocimetry (PIV) to determine three-component velocity distribu-
tions up to 0.2 mm from the catalyst entrance face. In adverse conditions of strong
out-of-plane velocity, PIV operating parameters are adjusted for maximum spatial
correlation strength. The measurement distance to the catalyst is sufficiently small
to observe radial flow spreading. A scaling analysis of the stagnation flow region
provides a model for the flow uniformization as a function of the catalyst pressure
drop.
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Nomenclature

D, d hydraulic diameter of annular duct and substrate channel, m
E beam expansion ratio
F loss of spatial correlation factor
f focal length, m
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K pressure loss, relative to the dynamic head in the substrate
channel

L substrate channel length, m
M2 spatial mode of laser head
N number of particles per interrogation window
R, Ri outer and inner radius of the annular duct, m
S, SW swirl number and swirl vane setting
U , V , W axial, radial and tangential velocity, m/s
t, ts beam diameter and sheet thickness, m
x, r axial and radial coordinate, m
Greek symbols
α incidence angle of the oblique flow (tanα = Ut/U ), ◦

ε open frontal area ratio
λ wavelength, m
ψ camera elevation angle, ◦

τ laser pulse separation time, s
θ tangential coordinate, ◦

ρ density, kg/m3

Subscripts
0, 1, 2, 3 laser head, lenses 1 through 3
c substrate channel
I interrogation window
m cross-sectional average

t transverse velocity component (e.g. Ut =
√
V 2 +W 2)

1 Introduction1

Devices for exchange of mass or heat (e.g. catalytic converter, heat exchanger,2

particulate filters) operate optimally when the flow is uniformly distributed3

over the cross-section. In this case, the pressure loss is minimal and the effi-4

ciency of mass or heat exchange is maximal. For a catalyst, a uniform flow5

distribution avoids local degradation or ageing [1].6

The flow distribution across such devices is largely determined by the upstream7

flow conditions. For the specific case of automotive catalysts, an additional8

pressure loss is caused by oblique or swirling flow entrance. Since the flow in9

the catalyst is laminar (typically 200 < Re < 2000), the pressure loss in the10

channel is approximately linearly proportional to the axial velocity, whereas11

the additional pressure loss is proportional to the square of the tangential12

approach velocity. This effect is not negligible and has been shown to strongly13

affect the flow distribution [2, 3, 4] and as such, the mass or heat exchange14
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efficiency.15

Küchemann and Weber [5] proposed two models for the oblique inlet pressure16

loss in finned heat exchangers, depending on the flow conditions near the17

entrance. (i) The first model assumes no suction can be sustained on the18

leeward side of the channel walls, which is equivalent to a total loss of the19

transverse dynamic head. (ii) The second model (Kα = tan2 α, where α is20

the flow incidence angle) assumes lossless flow if α < αcrit. The critical angle21

αcrit depends on the overall pressure loss in the entire channel. Küchemann and22

Weber [5] present experimental data that confirm the validity of the first model23

for laminar flow, and the second model for turbulent flow, since turbulent flow24

can sustain stronger suction without leading to full flow separation.25

Persoons et al. [6] discuss the available literature on the oblique inlet pressure26

loss. The findings vary between the limiting cases outlined by Küchemann27

and Weber [5]. Using the same experimental rig as presented in this study,28

Persoons et al. [6] have derived a correlation for the oblique inlet pressure loss29

for an unwashcoated automotive catalyst (cell density 400 cells per square30

inch, wall thickness 4.3× 10−3 inch):31

Kα =Kα,1 tan2 α, where Kα,1 = 0.459 (1)

(±13%, R2 = 0.81)

which is valid for different substrate lengths (4.3 6 L/d 6 44). This correla-32

tion resembles the first model of Küchemann and Weber [5], however with a33

lower proportionality coefficient Kα,1 = 0.459 (< 1). For automotive catalysts,34

this tendency for a lower coefficient is confirmed by Benjamin et al. [2, 3], who35

have observed an overestimation of the oblique inlet pressure loss upon imple-36

menting the first model [5] in numerical simulations of the flow distribution37

in a catalyst.38

The reason for the lower proportionality coefficient remains as yet unclear [6].39

A further investigation of the oblique inlet pressure loss requires detailed ve-40

locity information in the immediate vicinity of the inlet face, both upstream41

and inside the channel. These data are difficult to obtain experimentally, and42

as such are not readily available in the literature.43

Elvery and Bremhorst [7] provide experimental data for the pressure and wall44

shear stress in the tube entrance region of a heat exchanger, placed at an45

incidence to the flow. The results show that the size of the recirculation region46

near the entrance grows for increasing values of α, from 0.5d for α = 0 to about47

2d for α = 60 ◦. Some flow visualization is performed using ink in water flow,48
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however no quantitative velocity data are available in the main flow.49

Haimad [8] performed numerical simulations of oblique laminar flow entering50

a square channel. These simulations resulted in an oblique inlet pressure loss51

correlation of Kα = 0.831 tan2 α. No experimental validation is performed and52

no velocity measurements are reported.53

Springer and Thole [9, 10] provide detailed velocity data for the entrance54

region of louvered-fin heat exchangers using laser-Doppler anemometry. The55

papers discuss the influence of the geometry (louver pitch and angle) on the56

flow patterns and velocity spectra. However, this geometry differs too much57

from the present case.58

In summary, no detailed velocity data are reported about the flow stagnation59

and entrance region in heat/mass exchangers under oblique or swirling flow60

conditions. Persoons et al. [6] indicated its importance with respect to the61

oblique inlet pressure loss and the flow uniformity in these devices. Further-62

more, it proved very difficult to obtain velocity data sufficiently close to the63

catalyst using laser-Doppler anemometry (LDA) [6]. As such, this paper aims64

to establish an experimental methodology using stereoscopic particle image65

velocimetry (PIV) to obtain detailed three-component velocity data in the66

flow stagnation region.67

2 Experimental approach68

2.1 Annular swirling flow rig69

Figure 1a shows an overview of the experimental setup. A Roots blower with70

ISO standardized flow rate orifice supplies air to a swirl generator, designed by71

the International Flame Research Foundation (IFRF) [11] for use on a 300 kW72

burner. The moveable block swirl generator allows to continuously adjust the73

swirl from zero up to a ratio of tangential to axial velocity of about unity. The74

swirling flow is guided into a concentric annular duct by a smooth transition.75

The annular duct features an outer and inner radius of R = 38.0 mm and76

Ri = 28.3 mm, corresponding to a hydraulic diameter D = 19.4 mm.77

Figure 1b shows a detail of the annular duct, which is connected to an auto-78

motive catalyst substrate of length L (400 cells per square inch, wall thickness79

4.3× 10−3 inch, unwashcoated). Downstream of the catalyst, an outlet sleeve80

of length 2R is mounted.81

This study uses an axisymmetric rig because of the improved flow symmetry82
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compared to a two-dimensional set up [7], where the flow is inevitably char-83

acterized by a broad range of incidence angles. Initial velocity measurements84

in a circular duct without annulus proved very difficult near the duct center,85

because of vortex breakdown [14]. As such, an annulus with a shallow height of86

R−Ri ' 0.25R is chosen. The maximum deviation from axisymmetry (based87

on the axial velocity distribution) is below 1 %. As such, the full velocity infor-88

mation in the annular duct is available in a single measurement plane defined89

as {x < 0, Ri < r < R, θ = 0 ◦}, where the coordinates {x, r, θ} are defined in90

Fig. 1b.91

The distance between substrate and swirl generator is 18D, which is (i) large92

enough so that no disturbances from the swirl generator block are noticeable93

and yet (ii) small enough to prevent excessive boundary layer development.94

The measurements show a maximum non-uniformity in the radial velocity95

profile of 6 %.96

The PIV system used for this study comprises a New Wave Pegasus twin-cavity97

Nd:YLF laser (λ = 527 nm) and two Photron APX-RS CMOS camera’s with98

50 mm lenses, 2:1 teleconverters and Scheimpflug adapters. The pixel resolu-99

tion is 20 pixels/mm and the image magnification is 1:2.87. The experiments100

have been performed with a laser energy of 5 mJ/pulse and a repetition rate101

of 1000 Hz. An aerosol of DEHS oil is used as seeding, with mean particle102

diameter of 1 µm. The sheet optics and calibration target are tailored for the103

application, as discussed below.104

2.2 Laser light sheet105

Figures 1b and 2 show the orientation of the light sheet, viewing glass and cam-106

eras. Three options were considered for introducing the light sheet: (i) through107

the viewing glass, (ii) from an upstream entry point on the outer wall or108

(iii) focusing the sheet through the catalyst channels, from the downstream109

side. The first option caused excessive scattering on the inner annulus wall,110

even when using a glass insert. The second option is rejected to avoid flow111

interference. The third option has yielded very satisfactory results in spite of112

the thin ‘shadow streaks’ cast by the catalyst walls, which slightly decrease113

the correlation strength.114

To avoid reflection on the catalyst walls, the light sheet thickness is reduced115

to well below the catalyst channel size d ' 1.16 mm. Figure 2 shows the116

arrangement of cylindrical lens 2 (f2 = −10 mm) and telescope lenses 1,3117

with a focal distance xs = f3 (f1 −∆xs)/(f1 + f3 −∆xs) where ∆xs is the118
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lens pair separation.119

The diameter of a Gaussian beam 1 along x′ is t (x′) = ts
√

1 + (M2x′/xR )2,120

where x′ is the distance from the focus, ts is the minimum sheet thickness121

and M2 is the spatial mode of the laser (here: M2 ' 3). The Rayleigh range122

xR denotes the depth of focus, where xR = πt2s/(4λ) . Sheet thickness ts and123

depth of focus xR are intrinsically linked through the beam expansion ratio124

E = t3/t0 , where t3 is the beam diameter at lens 3 and t0 = 1.5 mm is the125

diameter at the laser head. For thin beams, ts ' 4M2xsλ/(πt3) . As such, the126

sheet thickness ts ∼ E−1 and the depth of focus xR ∼ E−2. Thus, increasing127

E results in a thinner sheet, yet reduces the depth of focus quadratically.128

To obtain a focused sheet throughout the viewing window (−70 < x < 0 mm)129

the expansion ratio is chosen E = 5.1:1, resulting in a sheet thickness ts =130

0.13 mm and a depth of focus xR = 52 mm. The maximum thickness deviation131

over the viewing window is 20%.132

2.3 Camera arrangement and calibration133

The stereoscopic camera arrangement shown in Fig. 2 corresponds to the setup134

described by Willert [15]. The larger the camera elevation angle ψ, the more135

accurately W is determined (here: ψ = 35 ◦). The camera and lens configura-136

tion satisfies the Scheimpflug condition. A metal foil enclosure surrounds the137

camera lenses and swirl tube to reduce the level of background illumination,138

resulting in high-contrast images. The symmetric camera placement ensures139

identical light scattering characteristics in both cameras.140

A stereoscopic calibration is performed in accordance with Willert [15]. Be-141

cause of the confined geometry, a single level calibration target is made that142

fits into the annulus, with two cartesian dot mark grids on both sides of143

the target. With the catalyst and outlet section disassembled, the target is144

positioned in the measurement plane, while mounted on a micro-positioning145

traversing stage. Using the stage, a precise displacement can be applied along146

W , required to perform the stereoscopic calibration. Because of the rigid con-147

struction of the annular flow rig, disassembling the catalyst poses no risk of148

disturbing the alignment and calibration. The calibration is performed using a149

pinhole model, with LaVision’s DaVisTM 7.0 software. Finally, a stereoscopic150

self-calibration procedure was performed based on a set of particle images,151

as described by Wieneke [16]. The resulting average deviation of the image152

correction is below 0.5 pixel.153

1 Diameter and sheet thickness for Gaussian beams are given as 1
/
e2 values.
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2.4 Spatial cross-correlation154

In the annular swirling flow rig, the out-of-plane velocity component W is155

of the same magnitude as the in-plane components {U, V }, unlike in typical156

stereoscopic PIV. Guidelines by Keane and Adrian [17] and Westerweel [18]157

are followed to ensure optimal correlation strength given the thin light sheet158

and non-negligible out-of-plane velocity.159

The probability P of distinguishing a valid correlation peak is related to the160

product N FU,V FW , where N is the number of particle images per interroga-161

tion window, and FU,V and FW are the in- and out-of-plane loss of correlation.162

Each interrogation window contains N > 10 particles. Loss of correlation due163

to in-plane motion is approximately FU,V ' (1− τUmax/xI ) (1− τVmax/yI ),164

where τ is the frame time separation [s] and {xI , yI} is the interrogation win-165

dow size [m]. More importantly, out-of-plane motion causes a loss of correlation166

FW ' 1− τWmax/ts where ts is the light sheet thickness.167

Keane and Adrian [17] show that a good correlation strength (P > 0.9) is168

achieved for N FU,V FW > 5. This requirement is easily met by decreasing169

the laser pulse separation τ . However, the in-plane displacement τU should170

still be large enough for accurate results. The particle image diameter is ad-171

justed to 2 pixel. Spatial correlation is performed with a three-point Gaussian172

peak estimator. According to Raffel [19] and Westerweel [20], this yields an173

estimated subpixel resolution between 0.05 and 0.1 pixel, corresponding to a174

velocity uncertainty between 0.1 and 0.2 m/s. However, these values are only175

valid in ideal conditions [19]. Given the adverse conditions for applying stereo-176

scopic PIV in this setup, the {U,W} velocity data have been validated against177

laser-Doppler anemometry (LDA), as described in the results section.178

For determining the velocity fields, LaVision’s DaVisTM 7.0 software is used179

with multi-pass cross-correlation and a decreasing interrogation window size180

from 64× 64 to 16× 16 at 50% overlap. Furthermore, N ' 20, τUmax >181

2 pixel and τWmax < 0.75ts. This results in N FU,V FW ' 4 and P ' 0.9.182

These settings ensure a satisfactory correlation strength, in spite of the adverse183

combination of a large out-of-plane velocity and thin light sheet [17, 18].184
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3 Experimental results185

3.1 Velocity distributions186

Figures 3 and 4 show {U, V,W} velocity distributions obtained using stereo-187

scopic PIV, in the annular channel upstream of the catalyst. From top to188

bottom, the plots show U , V and W as contour lines, non-dimensionalized189

with the mean axial velocity Um. The zero and negative contours are dotted190

and dashed, respectively. The vector spacing is about 0.5 mm, and the closest191

measurement distance to the catalyst inlet face is 0.2 mm. Thin black dots192

indicate the location of the PIV vectors. For the PIV calculation, the regions193

beyond the annulus walls and catalyst entrance are masked off to avoid bias194

errors.195

The radial profiles of the axial velocity U (r, x) in Figs. 3 and 4 are constant,196

except for |x| < 0.15D, where flow uniformization occurs. At the same loca-197

tion, the radial velocity V shows radial flow spreading. This is a consequence198

of the conservation of mass. The tangential velocity W in Fig. 3 exhibits a199

small reduction (∆W ' 0.1Um) approaching the catalyst inlet. However, up200

to the closest measurement distance x = −0.2 mm, the flow does not bend201

into the catalyst channels. The characteristic length and velocity scales in the202

flow stagnation region are studied more in detail in the next section.203

For high swirl, the strong out-of-plane velocity W poses adverse conditions for204

stereoscopic PIV measurements. In spite of the precautions described above205

for optimizing the spatial correlation strength, validation experiments are per-206

formed using a two-component laser-Doppler anemometer (LDA). Figure 5207

compares selected PIV velocity profiles (lines) to LDA measurements (white208

markers). The black markers indicate the spacing of the PIV vectors (ap-209

proximately 0.5 mm). Although the radial velocity V could not be measured210

with LDA, these experiments confirm the accuracy of the stereoscopic PIV211

approach in terms of the axial and tangential velocity.212

The radial {U,W} velocity profile in Fig. 5a exhibits a good correspondence213

between LDA (white markers) and PIV (lines), although LDA seems to over-214

estimate the tangential velocity compared to PIV. A similar overestimation215

of the tangential velocity can be noted in Fig. 5b, showing the axial profile216

of {U,W} velocity at r = R∗ = (Ri +R)/2. Low LDA data rates were en-217

countered when measuring close to the inner annulus wall and the substrate.218

The difference might therefore be partly explained by high velocity bias in219

the LDA data, although the data have been corrected using inverse velocity220

magnitude weighting. Nevertheless, readings with both techniques generally221

agree to within a few percent, which adequately validates the stereoscopic PIV222
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approach in these adverse conditions.223

3.2 Scaling analysis of the flow stagnation region224

This section describes an order of magnitude analysis on the flow in the stag-225

nation region upstream of the catalyst, which results in an expression relating226

the catalyst flow uniformity to the catalyst pressure drop.227

The PIV velocity distribution and profile in Figs. 3 and 5b show evidence228

of flow stagnation and radial spreading in the region close to the catalyst229

(|x| < 0.15D). In the center of the channel (r = R∗ = (Ri +R)/2), the230

axial and tangential velocity U and W is reduced. Figure 5b shows that two231

stagnation length scales can be identified from the centerline velocity drop:232

x0,U and x0,W based respectively on the axial and tangential velocity.
233

These scales are determined by fitting a curve U∞−∆U exp (−|x|/x0,U ) (and234

analogously for W ) to respectively the U and W velocity profile at r = R∗,235

corresponding to the curves in Fig. 5b. These expressions are chosen based236

on the observed behavior of the velocity distributions. U∞ and W∞ represent237

the centerline velocity far upstream of the catalyst (x→ −∞); ∆U and ∆W238

represent the drop in centerline velocity in the stagnation region. Table 1 lists239

some characteristics of the measured {U, V,W} velocity distributions for three240

substrate lengths 4.3 6 L/d 6 22, and swirl varying between 0 and 100%.241

A scaling analysis is performed based on the conservation of mass and momen-242

tum, following the conventions in Fig. 6a. The plots depict the radial profiles243

of {U, V } velocity at x → −∞ and x = 0. For incompressible axisymmetric244

flow, the conservation of mass reduces to:245

∂U

∂x
+

1

r

∂ (rV )

∂r
= 0

⇒ Vmax ' (∆U∞ −∆U0)
D/6

x0,U

(2)

where ∆U∞ and ∆U0 are the differences between maximum and mean axial246

velocity, respectively far upstream (x → −∞) and close to the substrate247

(x→ 0). Relative to Um, these represent measures of flow non-uniformity. The248

distance from r = R∗ = (Ri +R)/2 to the maximum radial velocity location249

is determined experimentally as D/6. The conservation of radial momentum250

is:251

U
∂V

∂x
+ V

∂V

∂r
− W 2

r
= −1

ρ

∂p

∂r
(3)

252
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Assuming a constant pressure at the catalyst exit, the pressure upstream of253

the catalyst is approximated as p (r) ' pa + KρU (r)2/2. The pressure loss254

coefficientK for flow through the catalyst is defined asK = (p− pa)/(ρU
2
c /2),255

where the substrate channel velocity Uc = U/ε (ε is the open frontal area256

ratio). Assuming K does not vary significantly along r, incorporating Eq. (2)257

and neglecting terms of O (∆U2), this expression reduces to:258

Um
Vmax

x0,U

− W 2

R
' 1

ρ

1

D/6

[
Kρ (Um + ∆U0)

2/2

−Kρ (Um −∆U0)
2/2

]
259

⇒ Um
(∆U∞ −∆U0)D/6

x2
0,U

− W 2

R

' 2K

D/6
Um∆U0

(4)

260

After rearranging, this yields an expression for the increase in flow uniformity261

∆U0/∆U∞ as a function of the catalyst pressure drop K:262

⇒ ∆U0

∆U∞
' 1

2K
(

x0,U

D/6

)2
+ 1︸ ︷︷ ︸

i

−
(
W

Um

)2 Um

∆U∞

D/6
R

(
x0,U

D/6

)2

2K
(

x0,U

D/6

)2
+ 1︸ ︷︷ ︸

ii

(5)

where term ii is an order of magnitude smaller than i, even at maximum swirl.263

Therefore, the decrease in flow non-uniformity due to the catalyst ∆U0/∆U∞264

'
(
2K

(
x0,U

D/6

)2
+ 1

)−1

.
265

∆U0/∆U∞ can be interpreted as a measure of flow uniformization. A small266

value of this ratio indicates that the catalyst flow resistance redistributes the267

flow across its entry face almost uniformly. Figure 6b plots the derived relation268

between ∆U0/∆U∞ versus K in comparison to the experimental data that are269

derived from the PIV measurements.270

Based on the available PIV results (4.3 6 L/d 6 22), the stagnation lengths271

x0,U and x0,W exhibit only a weak influence on K. Least-square fitting yields272

x0,U ' D/6 (K/1.509)1/2 (R2 = 0.41). The dashed line in Fig. 6b represents273

Eq. (5), incorporating the above relation x0,U ∼ K1/2 . The solid line corre-274
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sponds to a constant value x0,U = 0.114± 0.017 (see Table 1). The markers in275

Fig. 6b represent experimental data for different lengths and flow conditions.276

Figure 6b shows that for a small pressure drop (K < 0.1), the axial velocity277

profile remains virtually unaffected (∆U0/∆U∞ > 0.90). As expected, high278

flow uniformization (∆U0/∆U∞ < 0.05) is noted for a high pressure drop279

(K > 4 for x0,U ∼ K1/2 , K > 20 for x0,U constant).
280

Equation (5) models the flow uniformization due to the catalyst reasonably281

well (R2 = 0.5), in spite of strong simplifications. However, the limited range of282

catalyst lengths should be considered when evaluating Fig. 6b. Confirming the283

validity of Eq. (5) would require a measurement campaign with a broader range284

of K, e.g. by testing longer catalyst substrates or substrates with different cell285

densities.286

This order of magnitude analysis can only be performed for the simple case287

of the axisymmetric annular flow rig. In realistic catalyst system conditions,288

the flow is much more complex. The obtained relationship (Eq. (5)) should289

therefore not be considered to be generally applicable to all catalyst systems.290

Rather, it should be regarded as a reference model against which to judge the291

flow uniformity behavior of a specific catalyst system.292

4 Conclusions293

An experimental methodology is established using stereoscopic particle image294

velocimetry (PIV) to investigate the flow stagnation region upstream of an295

automotive catalyst substrate, subject to annular swirling flow.296

Customized optics focus a thin light sheet through the catalyst from the down-297

stream side, without any flow interference. The combination of strong out-of-298

plane velocity W and a thin light sheet requires careful selection of the instru-299

mentation parameters (e.g. laser pulse separation, interrogation window size,300

sheet thickness), to guarantee good spatial correlation strength in determining301

the velocity using PIV.302

The accuracy of the PIV measurements has been validated using laser-Doppler303

anemometry (LDA). The agreement between both techniques is good, except304

in regions of poor LDA data rate (i.e. close to the inner annulus wall and the305

substrate). Whereas LDA measurements could only be obtained up to 1 mm306

distance, the stereo PIV approach yields high quality measurements up to307

0.2 mm from the catalyst entrance face. This is a considerable improvement308
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of the order of the catalyst channel size d ' 1.16 mm.309

Flow uniformization and associated radial flow spreading is noted close to the310

substrate, characterized by a stagnation length x0,U . Although the tangential311

velocity shows some spreading (characterized by a stagnation length x0,W ),312

the tangential velocity does not show significant reduction upon approaching313

the catalyst, at least not up to |x| = 0.2 mm.314

Based on the conservation of mass and radial momentum, a scaling analysis315

yields a relation between the flow uniformization and the catalyst substrate316

pressure drop K and stagnation length x0,U (Eq. (5)). The experimental data317

provide evidence for a dependence between x0,U andK of the form x0,U ∼ K1/2
318

(see Fig. 6b).319

Persoons et al. [6] have established an experimental correlation between the320

oblique inlet pressure loss coefficient Kα and the oblique flow angle α:321

Kα = 0.459 tan2 α

(±13%, R2 = 0.81)

which is determined for four substrate lengths (4.3 6 L/d 6 44), swirl settings322

of 0 6 tanα 6 0.7 and three substrate channel Reynolds numbers (850 6323

Red 6 2100).324

The velocity data obtained using stereoscopic PIV do not explain why the325

proportionality constant 0.459 is smaller than unity, a tendency which is con-326

firmed by Benjamin et al. [2, 3] and Haimad [8]. Since no flow bending is ob-327

served up to the closest measurement distance (0.2 mm), the reason is likely328

due to the flow characteristics inside the substrate channels. As such, the329

presented results are novel, yet further research is required.330

The established methodology has proven very successful in obtaining high331

quality three-component velocity results close to the substrate. The approach332

is equally applicable to other similar heat/mass exchangers, such as compact333

finned heat exchangers.334
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Tables391

Table 1
Velocity profile characteristics for 4.3 6 L/d 6 22, 0 6 tanα 6 0.7 and 850 6
Red 6 2100

x0,U/D 0.114 ± 0.017

∆U/U∞ 0.060 ± 0.010

x0,W /D 0.170 ± 0.030

∆W/W∞ 0.058 ± 0.011

Vmax/∆U 1.56 ± 0.19
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