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Abstract
Particle mass flow rate and particle mass concentration are key parameters for describing two-phase flows, especially for 
particle-induced heating augmentation analysis. This work addresses the question of how accurate particle mass flow rate 
can be determined with three non-intrusive measurement approaches, based on shadowgraphy, particle tracking velocimetry 
(PTV), and scattered light intensity, in supersonic flows. In terms of shadowgraphy and PTV, the particle mass flow rate 
was determined by measuring individual particle characteristics, namely particle size, velocity, and density, as well as the 
measurement volume. The presented shadowgraphy procedure is based on the commercial LaVision DaVis software and 
additional shadowgraphy corrections. Multiple tests were conducted in the experimental test facility GBK of DLR with 
varying flow conditions, at a Mach number of 2.1, unit Reynolds number  (Re∞) ranging from 5e7 1/m to 1.5e8 1/m, total 
temperature (T0) ranging from 303 to 544 K, and particle materials, namely  Al2O3, MgO, and  SiO2, in the size range of 1 to 
60 µm. Particle size distributions of  Al2O3 and MgO particles could be reproduced with shadowgraphy quite well, while the 
PTV procedure resulted in non-similar distributions. Pycnometer measurements indicated MgO particle density to be signifi-
cantly lower than reference values. A DaVis parameter variation analysis resulted in a particle mass flow rate uncertainty of 
shadowgraphy of up to 30%. The particle mass flow rate uncertainty of PTV is approx. 76%, and the respective uncertainty 
of scaled PTV and scattered light intensity approach is 28%. The particle mass flow rate, measured with shadowgraphy, 
is 58% higher than those of the semi-axisymmetric scattered light intensity approach, which can be explained by a higher 
particle concentration at the injection plane.

Abbreviations
BiThr  Shadowgraphy binarization thresh-

old [%]
CE  Count efficiency [−]
dnozzle  GBK nozzle exit diameter [mm]
DOF  Depth-of-Field
dp  Particle diameter [µm]
dp detected  Detected particle size with DaVis, 

without additional size correction 
[µm]

dp min  Shadowgraphy’s minimum detect-
able particle size [µm]

dp min, full  Shadowgraphy’s minimum detect-
able particle size which can be fully 
detected [µm]

dp True  True size of calibration dots [µm]
dshadow  Measurement volume thickness 

[mm]
dshadow CE=1  Shadowgraphy measurement vol-

ume thickness for which CE=1
dshadow minGS  Shadowgraphy measurement 

volume thickness, limited by the 
minimum GS boundary [mm]

FOV  Field-of-View
GBK  Multi-phase flow facility 

(‘Gemischbildungskanal’)
Gp  Particle mass flow rate [kg/m2s]
Gp PTV  Particle mass flow rate, based on 

PTV data [kg/m2s]
Gp PTV scaled  Particle mass flow rate, based on 

PTV data, scaled to Mp Nozzle [kg/
m2s]
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Gp scatter  Particle mass flow rate, based on 
scattered-light intensity [kg/m²s]

Gp scatter qual.  Particle mass flow rate, based on 
scattered light intensity, qualitative 
[kg/m2s]

GS  Gradient slope [%/px]
IQR  Interquartile range
Minimum GS offset  Limiting gradient slope for infini-

tesimal small detected particle 
diameters [%]

Mp calc  Calculated total particle mass
Mp collected  Total particle mass collected with 

the injection collection probe [g]
Mp nozzle  Total particle mass passing the 

nozzle
NorRad  Shadowgraphy normalization radius 

[px]
p0  Stagnation pressure [MPa]
PIV  Particle Image Velocimetry
PTV  Particle Tracking Velocimetry
Re∞  Unit flow Reynolds number [1/m]
T0  Flow stagnation temperature [K]
tmeas  Evaluation time in which shadowg-

raphy and PTV images are consid-
ered for processing [s]

VOI  Volume-of-Interest
Vp  Mean particle velocity [m/s]
zPTV  Laser light sheet thickness [mm]
γ  Specific heat ratio [-]
ΔMseeding device  Mass difference of seeding device 

before and after each run [g]
Δt  Double-pulse time separation [ns]
ρp  Particle density [kg/m2]

1 Introduction

In a collaboration between the NASA Entry Systems Mod-
eling (ESM) project and the Supersonic and Hypersonic 
Technologies Department of DLR, supersonic two-phase 
flows and its effects on surface heating and erosion are 
investigated. Key parameters, describing those two-phase 
flow effects, are the particle mass flow rate (Gp) and parti-
cle mass concentration (Bakum 1970; Fleener and Watson 
1973; Kudin et al. 2013; Polezhaev et al. 1992). In litera-
ture concerning particle-induced heating augmentation, the 
qualitative Gp distribution across supersonic nozzle exits 
was determined with the help of dust catcher probes (Kudin 
et al. 2013; Polezhaev et al. 1992), light attenuation cor-
relation (Kudin et al. 2013) or scattered light correlation 
(Vasilevskii and Osiptsov 1999), while its quantitative value 
was defined by total particle mass loss measurements of the 
seeding system before and after each test run (Dunbar et al. 

1974; Fleener and Watson 1973; Vasilevskii and Osiptsov 
1999). While dust catcher probes were only used during 
calibration tests and only provided time-integrated particle 
mass values, the scattered light method was used to account 
for temporal changes, as they were reported for the particle 
mass flow rate in (Fleener and Watson 1973; Vasilevskii and 
Osiptsov 1999). In (Vasilevskii and Osiptsov 1999), it was 
assumed that the scattered light signal is proportional to the 
particle mass flow rate.

To the best knowledge of the authors, there is no study 
measuring Gp with the help of the simultaneous and indi-
vidual determination of particle number density, size (dp), 
and velocity (Vp) within supersonic flows up to now. To fill 
this gap, two measurement procedures were introduced in 
(Allofs et al. 2022), based on shadowgraphy and particle 
tracking velocimetry (PTV). However, several issues and 
limitations came up in that work: investigation of only one 
flow condition and only one particle material, an relatively 
high amount of invisible particle mass flow rate of up to 
18%, ambiguity of particle density, and no quantitative com-
parison of measured particle mass flow rates to other meas-
urement approaches. In that work, shadowgraphy particle 
detection was performed with the help of LaVision DaVis 
V10.1 software. As discussed in (Kapulla et al. 2008), sev-
eral detection settings of the DaVis software can have a sig-
nificant effect on the detected particle size and, hence, on 
the particle mass flow rate. As mentioned in (Legrand et al. 
2016; Senthilkumar et al. 2020), a check of how many par-
ticles are detected within the shadowgraphy measurement 
volume is recommended. These two aspects - influence of 
particle detection settings on Gp and the particle detection 
rate, are missing in the uncertainty analysis made in (Allofs 
et al. 2022).

The question to be answered in this work is as follows: 
How accurate can the particle mass flow rate be measured 
with the measurement procedures, based on shadowgraphy 
and PTV, in different supersonic flow conditions and for 
particle sizes in the range of approx. 10–100 µm? To answer 
this question, a three-step approach was considered, which 
can be seen as a guideline of this work:

• Qualitative comparison of particle size distributions with 
reference data

• Determination of Gp measurement uncertainty
• Quantitative comparison of particle mass flow rates in 

supersonic flows

Experiments at several supersonic flow conditions and 
using different particle materials were carried out in the 
experimental test facility GBK of DLR Cologne. Shadowg-
raphy’s and PTV’s Gp uncertainty was determined with the 
help of linear propagation theory. The influence of the DaVis 
particle detection settings, especially on the shadowgraphy’s 
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Gp uncertainty, was investigated. All reported issues from 
(Allofs et al. 2022) were addressed, and the additional cor-
rection of shadowgraphy data was extended to account for 
the particle detection rate and particles down to 3 µm.

It is common to use intrusive methods to achieve inte-
grated reference particle mass flow rate distributions 
(Fleener and Watson 1973; Kudin et al. 2013; Polezhaev 
et al. 1992). The application of simple dust catcher probes 
was also tested in preliminary tests in the GBK facility. 
Almost all particles were sucked out of these steel wool-
filled probes during the facility’s shut-down phase. To com-
pensate this lack of reference measurements, particle mass 
flow rates, based on shadowgraphy and PTV, were instead 
compared quantitatively to data based on scattered light 
intensity signals and total particle mass loss measurements 
of the seeding system, as it was used in a similar manner in 
(Vasilevskii and Osiptsov 1999).

This work is organized as follows: First, the experimental 
test setup is explained, followed by the descriptions of the 
shadowgraphy, PTV, and scattered light intensity approach 
for particle mass flow rate determination. Then, the results 
of all relevant sub-measurements are presented. In the end, 
results are discussed, following the above-mentioned three-
step guideline.

Fig. 1  Sketch of the GBK facility, taken from (Allofs, Neeb and Gül-
han 2022)

Fig. 2  Sectional side view of the GBK measurement section, dimensions given in mm



 Experiments in Fluids (2023) 64:49

1 3

49 Page 4 of 23

2  Methods

In the following, first the experimental setup of the test facil-
ity, the optical setup of all cameras, the particles as well as 
the investigated test conditions are described. Then, three 
different approaches for the determination of particle mass 
flow rate are explained. For these approaches, several sub-
analyses are required which are depicted in the respective 
subsections.

2.1  Test facility setup

Tests were performed in the multi-phase flow facility (GBK), 
which is a blow down facility, using high-pressurized air 
from reservoir tanks. The maximum design pressure of the 
GBK facility is 5.4 MPa, while the maximum design tem-
perature is 800 K. Two different air flows can be controlled 
automatically: a heatable pure air flow, named ‘main’ flow, 
and an unheated particle-laden flow, named ‘bypass’ flow in 
the following. Particles were seeded with an in-house devel-
oped seeding device. The GBK flow can be fully determined 
with the help of several temperature, pressure, and air mass 
flow sensors at measurements points in the main and the 
bypass flow section. An overall sketch of the GBK facility 
is given in Fig. 1.

In this investigation, the main air flow and the bypass 
air flow were mixed in the measurement section. The com-
plete measurement section is shown in Fig. 2. It consisted 
of a cross section adapter, an injection adapter, a stagnation 

chamber, a de-Laval nozzle, a test chamber, and a flow 
diffusor.

In the injection adapter, the heatable main flow was 
mixed with the cold two-phase bypass f low. Here, a 
circular conical particle injection collection probe was 
located. A closed container was mounted at the outlet of 
the injection collection probe; in selected tests, a Palas 
aerosol sensor welas 2070 HP or 2300 HP, connected to 
a Palas Promo 3000 HP, was installed. Due to its time-
resolved measurement ability, the aerosol spectrometer 
was used to check the absence of particle seeding during 
the facility’s heat-up and shut-down phase. The maximum 
particle concentration for both sensors was 1e6 particles/
cm3 and 4e4 particles/cm3, respectively. Considering the 
spectrometer’s maximum design pressure of 1 MPa and 
its maximum design temperature of 393 K, it was only 
installed for tests with lower stagnation pressures  (p0) 
and flow stagnation temperatures  (T0). A constant air 
volume flow of 5 l/min was required for accurate particle 
size determination, which was controlled by the spec-
trometer. The internal velocity calibration of the spec-
trometer was performed, while the flow of the facility 
was running. Special calibration particles, provided by 
Palas, were used for size calibration. It is assumed that the 
choice of spectrometer and closed container at the injec-
tion collection probe did not affect the nozzle flow. Parti-
cles were collected with the injection collection probe to 
check whether particle total mass flow can be predicted 
only with the collected particle mass, while the aerosol 

Fig. 3  Front view on the PTV and shadowgraphy setup, dimensions given in mm
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spectrometer was used to check the absence of particle 
seeding beyond the measurement time.

Behind the injection adapter, a stagnation chamber with 
a diameter of 70.3 mm and an ideal-contoured Ma = 2.1 de-
Laval nozzle with a nozzle exit  dnozzle of 30 mm were placed. 
The nozzle flow was directed into a diffusor, located at the 
end of a test chamber. The flow stagnation temperature was 
measured with a 1.1-mm-diameter type K thermocouple 
in front of the nozzle. The stagnation pressure was recon-
structed by means of the wall pressure close to the  T0 sen-
sor, to avoid particle deposit in a Pitot tube. The operation 
range of the described GBK setup is given in (Allofs, Neeb 
and Gülhan 2022). The GBK facility can run continuously, 
because of its small size.

An almost hemispherical-shaped axisymmetric probe 
was inserted into the flow, which was equipped with a 
coaxial thermocouple, whose data were not considered in 
this work. The probe allowed to investigate similar flows 
and similar particle mass flow rates as expected in future 
particle-induced heating augmentation tests. The probe tip 
was made of stainless steel (1.4539). Its diameter was 12 mm 
and its length, from tip to its mount, was 60 mm. During the 
test series, it was observed that the distance between probe 
tip and nozzle exit has varied between 4 and 6 mm, which is 
caused by thermal expansion of the nozzle.

2.2  Optical setup

The non-intrusive measurement technique setup was simi-
lar to those described in (Allofs, Neeb and Gülhan 2022). 
It included a shadowgraphy system and a particle tracking 
velocimetry (PTV) setup. An overview of the optical setup 
is sketched in Fig. 3.

While shadowgraphy provided accurate particle size and 
velocity data in a small central field of view (FOV), the PTV 
setup was used for achieving particle velocity data across 
the entire facility nozzle exit. Both techniques measured the 
particle velocity with the similar principle as particle image 
velocimetry (PIV): Each camera recorded two images. Par-
ticles were illuminated with a double-pulse light source with 
a pre-defined time separation (Δt) between those two pulses. 
A cross-correlation algorithm was used to detect the parti-
cle displacement between both pulses. The particle velocity 
is the ratio between its displacement and time separation 
between the two light pulses.

The high-magnification shadowgraphy system consisted 
of two LaVision Imager sCMOS cameras (named C1 and 
C2, respectively), having a pixel size of 6.5 µm. A long-
distance microscope K2 Distamax of Infinity Photo-Optical 
Company was equipped with a CF-1b lens, a ‘Zoom Mod-
ule,’ and an optical beam splitter so that both cameras used 
the same optics. To avoid double exposure by the 100-Hz 
laser system, only a central sensor area of 1060 × 2560  px2 

for C1 and C2 was used, ensuring a double-image rate of 
50 Hz for each camera. The cameras were recording one 
after the other, resulting in a shadowgraphy double-image 
recording rate of 100 Hz. The optical magnification was 
increased to 327.5 px/mm for C1 and C2 by increasing the 
optical amplification level of the ‘Zoom Module.’ The aper-
ture control of the long-distance microscope was set to the 
middle position, resulting in an aperture opening of approx. 
17 mm in diameter. C1 and C2 were equipped with a 564-
nm long-pass filter. The working distance between lens and 
focus plane was 361 mm. The resulting shadowgraphy FOV 
was 3.2 × 7.8   mm2. Particle shadow displacements were 
between 40 and 80 px. The depth-of-field (DOF) was less 
than 6 mm for particles smaller 60 µm.

The PTV camera (named C3 in the following) was a 
PCO 1600 with a Nikon Nikkor tele lens. Its pixel size was 
7.4 µm and the lens aperture was set to f/11. The result-
ing optical magnification was 40.6 px/mm. A Scheimpflug 
adapter was used to compensate the angle of 10° between 
vertical focus plane and camera. The working distance 
between lens and focus plane was similar to the shadowg-
raphy system. Distancing rings provided the required short 
focal length. The active sensor pixel area was reduced to 
168 × 1600   px2 to increase the camera’s double-image 
recording rate up to 50 Hz. The 50-Hz image rate avoided 
double exposures by the 100-Hz laser system. The resulting 

Fig. 4  Sketch of FOVs: shadowgraphy FOV (blue), PTV FOV (red). 
Only data in front of the shock are evaluated (shadowgraphy: purple)

Table 1  General flow constants

Parameter Unit Value

Flow
γ – 1.4
R m2 /  (s2 K) 287.058
Ma – 2.1
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FOV was 4.1 × 39.4  mm2. A 532-nm band pass filter was 
placed between focus plane and camera lens. C3’s particle 
displacements were between 5 and 10 px.

The PTV and shadowgraphy illumination source was a 
‘SpitLight DPSS 250 PIV’ laser system of InnoLas Laser 
GmbH, generating two light pulses with a time separation 
Δt of 400 ns at a repetition rate of 100 Hz. An additional 
photodiode was used to control and to correct this time sepa-
ration. The timing of laser and cameras as well as the camera 
data acquisition was controlled by a PTU-X timing unit of 
LaVision and the LaVision DaVis software V10.1.

The energy for shadowgraphy and PTV illumination was 
controlled with a set of half-wave plates and beam splitters. 
A shadow diffusor of Dantec Dynamics GmbH was imple-
mented for background illumination, providing short pulses 
with a maximum illumination area of 112 mm in diameter. 
The diffusor was fed with light from the laser. The shadow 
diffusor was placed 695 mm away from the nozzle axis.

The PTV light beam was generated by one cylindrical 
lens with focal length of 500 mm. This lens was placed 
ahead of the particle section in order to direct the PTV illu-
mination vertically from top to bottom. The PTV light sheet 

was around 5 mm wide in x-direction and parallel to achieve 
homogenous illumination intensity across the nozzle. The 
laser sheet thickness was determined by an additional cali-
bration (see Sect. 2.9). As suggested in (Allofs, Neeb and 
Gülhan 2022), the laser light intensity was optimized to 
decrease saturation effects of large particles in the PTV 
recordings.

In Fig. 4, the FOVs are sketched: C3’s FOV (red rectan-
gle) covered the entire nozzle exit flow, whereas C1 and C2’s 
FOV (blue rectangle) were used for high-resolution image 
acquisition on the symmetry axis. For PTV and shadowgra-
phy, the data in front of the probe bow shock were evaluated 
to exclude particle deceleration behavior. The final areas 
of data evaluation were 1 × 4.8  mm2 (purple rectangle) and 
1 × 30  mm2, for shadowgraphy and PTV, respectively. The 
origin of the coordinate system was located at the probe tip.

2.3  Particles

Three different particle materials were used for seeding, 
namely alumina  (Al2O3), magnesium oxide (MgO), and sil-
ica  (SiO2). The selected  Al2O3 and MgO particles offered a 

Table 2  Test matrix, sorted by particle material,  T0, and  p0

*Defective sensor

synonym p0 T0 ṁmain pmain Tmain ṁmix by pmix by Tmix by material tmeas aerosol spectrom-
eter/collection

[–] [MPa] [K] [g/s] [MPa] [K] [g/s] [MPa] [K] [–] [s] [–]

A-11-1 0.594 303.3 496.2 0.600 303.7 29.8 0.602 285.8 Al2O3 11.51 Palas: 2070 HP
A-12-1 0.958 303.5 798.7 0.958 302.9 45.4 –* 290.9 Al2O3 11.51 Palas: 2070 HP
A-13-1 1.289 303.8 1084.2 1.301 304.5 64.4 1.303 285.6 Al2O3 11.51 Collection container
A-14-1 1.686 304.2 1427.8 1.702 304.9 84.4 1.315 287.9 Al2O3 11.52 Collection container
A-22-1 0.951 338.5 762.5 0.961 342.6 46.3 0.962 289.9 Al2O3 11.51 Collection container
A-22-2 0.950 338.2 746.0 0.959 342.2 46.6 0.959 290.1 Al2O3 14.31 Collection container
A-31-1 0.593 374.4 444.6 0.600 381.9 26.6 0.599 293.2 Al2O3 11.51 Collection container
A-31-2 0.594 373.3 451.3 0.601 381.5 27.0 0.600 294.0 Al2O3 14.33 Collection container
A-32-1 0.952 374.7 719.2 0.961 382.3 45.5 0.960 290.9 Al2O3 11.51 Palas: 2070 HP
A-32-2 0.952 374.5 716.8 0.962 381.5 45.1 0.962 292.7 Al2O3 11.53 Collection container
A-33-1 1.287 373.2 973.3 1.299 379.1 62.7 1.300 293.0 Al2O3 11.53 Collection container
A-33-2 1.286 373.2 972.1 1.300 380.3 63.2 1.300 292.0 Al2O3 14.31 Collection container
A-34-1 1.682 373.0 1273.4 1.699 378.7 82.7 1.698 292.5 Al2O3 11.51 Collection container
A-34-2 1.686 373.4 1268.9 1.702 381.5 83.6 1.703 292.4 Al2O3 14.31 Collection container
A-42-1 0.952 473.6 633.2 0.961 492.3 46.1 0.963 292.3 Al2O3 14.31 Collection container
A-52-1 0.952 544.9 588.5 0.961 573.5 45.5 0.962 293.3 Al2O3 17.80 Collection container
S-31-1 0.593 374.8 449.2 0.600 383.1 26.7 0.599 292.3 SiO2 11.51 Palas: 2300 HP
S-32-1 0.952 374.0 723.7 0.962 382.2 45.6 0.961 289.7 SiO2 11.51 Palas: 2300 HP
S-33-1 1.288 373.6 973.9 1.301 380.7 63.2 1.301 289.5 SiO2 11.53 Collection container
M-31-1 0.594 373.7 449.2 0.600 383.1 27.6 0.600 290.1 MgO 11.53 Collection container
M-32-1 0.950 373.5 720.5 0.959 380.7 45.6 0.959 291.7 MgO 11.51 Palas: 2070 HP
M-33-1 1.290 373.7 981.8 1.303 381.5 63.0 1.303 288.9 MgO 11.51 Collection container
M-34-1 1.684 373.3 1267.4 1.701 380.3 82.9 1.701 290.4 MgO 11.51 Collection container
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significant number of particles larger than 10 µm, which was 
the smallest fully recognizable particle size of the implemented 
shadowgraphy system (see Sect. 3.5). The MgO material was 
taken from Lehmann&Voss GmbH and was additionally 
sieved to decrease the number of particles smaller than 10 µm, 
so that the relative number of particles larger than 10 µm 
increased.  SiO2 was chosen not only because of its significant 
lower density (see Sect. 3.2), but also because of its relevance 
for Martian atmosphere simulations in future studies.

Only for the  Al2O3 and the MgO particles externally ana-
lyzed particle size distributions by Microtrac GmbH were 
available. These data were achieved with a dynamic image 
analysis device ‘PartAn SI.’ For these measurements, both 
materials were diluted into water to reduce agglomeration 
effects. Additionally, MgO particle measurements were also 
taken in air, resulting in particle size distributions very simi-
lar to those measured in wet dilutions. For the  SiO2 particles, 
no reference size data from Microtrac could be given.

2.4  Test conditions

A total of 23 tests were performed. While the nozzle contour 
and the resulting Mach number remained constant,  T0,  p0, 
and particle material were varied. The unit Reynolds number 
of the flow  (Re∞) ranged from 5e7 1/m to 1.5e8 1/m. The 
general flow constants can be found in Table 1. An overview 
of all tests is given in Table 2, where the tests are sorted by 
particle material,  T0, and  p0. The subscript ‘main’ stands for 
the heated main flow, while the subscript ‘mix by’ stands 

for the particle-laden bypass flow. The measurement loca-
tions are sketched in Fig. 1. The reference flow condition 
was  T0 = 373 K and  p0 = 0.96 MPa. Four different  p0 lev-
els, namely 1: 0.6 MPa, 2: 0.96 MPa, 3: 1.3 MPa, and 4: 
1.7 MPa, and five different  T0 levels, namely 1: 303 K, 2: 
338 K, 3: 373 K, 4: 473 K, and 5: 545 K, were tested with 
 Al2O3 particles. For the other materials, only the variation in 
 p0 was performed. These conditions were selected to cover 
the entire GBK operation range. A synonym was defined 
for each run in the form: material - temperature level/pres-
sure level - test run repetition. For example, the synonym 
‘A-32-1’ stands for the run with  Al2O3 particles, on the third 
temperature level of 373 K, on the second pressure level of 
0.96 MPa, first repetition. The active seeding time was set to 
10 s. Considering a recording rate of 100 Hz, 1000 shadow 
images were assumed to be enough for proper particle data 
statistics. The probe was inserted into the flow for 5 s within 
the seeding time. For every run, the evaluation time in which 
shadowgraphy and PTV images were considered for further 
processing  tmeas is given in Table 2. This time was slightly 
longer than the active seeding time due to the delay of par-
ticles running through the facility.

2.5  Determination of particle mass flow rate

Assuming spherical particles and a constant particle density 
ρp for all particles, the particle mass flow rate Gp can be 
calculated as follows:

Fig. 5  Sketch of shadowgraphy (red), PTV (blue), and scattered light intensity (green) measurement procedures for Gp determination
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The volume-of-interest (VOI) has the dimensions Ly and 
Lx with the thickness d. It is located at the position X and Y. 
All particles, which are located in VOI at time t, are summa-
rized with  np (t, X, Y). Because the shadowgraphy’s meas-
urement volume thickness  dshadow is a function of the particle 
diameter dp (see Fig. 10), it must be placed within the sigma 
sign in Eq. (1). PTV’s measurement volume thickness dPTV 
only depends on Y. The parameter Vp is the magnitude of 
the particle velocity. In the following, the spatially resolved 
Gp distribution across the nozzle exit is named Gp profile.

For a better understanding of several following analyses 
and subsections, an overview of the three separate measure-
ment approaches, based on shadowgraphy (red), PTV (blue), 
and scattered light intensity (green), is sketched in Fig. 5. 
The processing steps are explained in detail in the respec-
tive subsections.

2.6  Total particle mass and scaling

The total particle mass passing the nozzle  Mp nozzle is defined 
as follows:

The parameter ΔMseeding device is the mass difference of 
the seeding device before and after each run. The seeding 
device mass was determined with a Kern DS60K0.2 bal-
ance. The total particle mass, collected with the injection 
collection probe, is expressed by  Mp collected. It was meas-
ured with a Kern PCB 1000–2 balance. The uncertainty of 
 Mp collected was assumed to be 0.05 g, while the uncertainty 
of the ΔMseeding device measurement was the spread of weight-
ing the seeding device three times. It was assumed that no 
particles deposited within the facility.

In runs in which the aerosol spectrometer was installed 
at the injection collection probe, no information regard-
ing the difference between  Mp nozzle and ΔMseeding device was 
achieved. To fill this lack of information, a general rela-
tion between ΔMseeding device and  Mp collected was built and 
 Mp collected was interpolated. That general relation was taken 
from runs in which the collection probe was installed.

While Gp is a spatially and temporally resolved value, 
 Mp nozzle is an integral value. By assuming a semi-axisym-
metric Gp distribution, the calculated total particle mass 
 Mp calc can be defined as follows:

(1)

Gp(t,X, Y) =
4

3
∗ � ∗

�p

Lx ∗ Ly
∗
∑np(t,X,Y)

i=1

(
dpi

2

)3

∗ Vp i

di
,

[
Gp

]
=

kg

m2s

(2)Mp nozzle = ΔMseeding device −Mp collected

Considering the time-averaged Gp , Eq. (3) is reduced to:

The parameter  dnozzle is the nozzle exit diameter. In the 
above-mentioned equations,  tmeas is the evaluation time of 
shadowgraphy and PTV, given in Table 2 for each run. This 
time is the period in which all particles were assumed to 
pass the nozzle. To confirm this assumption, a time-resolved 
Palas aerosol spectrometer was installed (see Sect. 2.1).

In the PTV and scattered light intensity processing, the 
Gp values were scaled to fit to  Mp nozzle:

For scaling, the following formulation was used:

2.7  Pycnometer measurements

To have reliable values for the particle density (ρp), the 
investigated particle materials, namely  Al2O3, MgO, and 
 SiO2, were analyzed with a 100-ml large pycnometer. A sar-
torius ED6202s scale with a maximum capacity of 6200 g 
and a display accuracy of 0.01 g was used for scaling. The 
pycnometer was filled with distilled water at approx. 290 K. 
The assumed water density was 998.8 kg/m3. The particle 
density of MgO was additionally measured with the help 

(3)Mp calc = � ∗

tmeas

∫
0

∫
dnozzle

2

−dnozzle

2

Gp(t, y) ∗ |y| ∗ dy ∗ dt

(4)Mp calc = � ∗ tmeas ∗ ∫
dnozzle

2

−dnozzle

2

Gp(y) ∗ |y| ∗ dy

(5)Mp nozzle = � ∗ tmeas ∗ ∫
dnozzle

2

−dnozzle

2

Gp scaled(y) ∗ |y| ∗ dy

(6)Gp scaled(y) =
Mp nozzle

Mp calc

∗ Gp(y)

Table 3  Final detection parameters of LaVision DaVis ParticleMaster 
shadowgraphy

Parameter name Unit Nominal 
value

Normalization radius px 10
Pixel noise reduction – ‘WEAK’
Binarization threshold % 13
Minimum shadow area px 3
Minimum (gradient) slope % 3
Dark level Count 0
Maximum size deviation % 50
Particle displacement range in x-direction px 40 ± 60
Particle displacement range in y-direction px 0 ± 5
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of paraffin oil, having a density of 845.9 kg/m3. This was 
done to exclude any reaction processes of MgO and  H2O to 
magnesium hydroxide, Mg(OH)2. To avoid any air bubbles 
within the pycnometer, the particle material and the liquid 
were shaken until no air bubbles were visible any more. Each 
material density was measured three times with water.

2.8  Shadowgraphy approach

Direct imaging of particles is a straightforward technique for 
determining velocity and size even from irregular-shaped 
particles. Multiple names were used for this technique in 
the past: shadowgraphy technique (Castanet et al. 2013, 
Dehnadfar et al. 2012, Legrand, Nogueira, Lecuona and 
Hernando 2016, Wang et al. 2017), particle droplet image 
analysis (PDIA) (Anand et al. 2012; Castanet et al. 2013; Ju 
et al. 2012; Kashdan et al. 2003; Senthilkumar et al. 2020), 
backlight photography (Zhou et al. 2020), image process-
ing technique (Koh et al. 2001; Lee and Kim 2004), image-
based drop-sizing techniques (Fdida and Blaisot 2009), 
shadow imaging (Putkiranta et al. 2008), or just imaging 
(Kim and Kim 1994). In the following, the term shadowg-
raphy is used. An overview of several shadowgraphy stud-
ies and their important investigation parameters is given in 
Table 9. Advantages of shadowgraphy are: an economical 
setup, robustness, simple optical alignment, large dynamic 
range, and its ability to measure non-spherical particles. Fur-
thermore, it is also capable to visualize shocks in supersonic 
flows. Its disadvantages are: strong dependencies on the cho-
sen image processing algorithm, especially the ambiguity of 
defining the perimeter of unfocused particles, and the con-
sideration of different measurement volume thicknesses, the 
so-called depth-of-field (DOF), for different particle sizes. 
These aspects are the two major error sources by using shad-
owgraphy (Chigier 1991).

Shadowgraphy measures the intensity decrease on a 
bright illuminated background, caused by particle shad-
ows. The general intensity distribution of a particle shadow 
depends on its size and the defocus level (Koh et al. 2001). 
In the framework of the implemented shadowgraphy image 
processing in this study, particles were detected by means 
of the LaVision ‘DaVis ParticleMaster Shadowgraphy’ soft-
ware. This code follows the processing steps of image nor-
malization, denoising, binarization, and filtering. Normali-
zation is done with the help of the so-called normalization 
radius (NorRad), which is the size of a strict-sliding maxi-
mum filter. The larger NorRad, the stronger image intensity 
smoothing effects. Noise reduction can be set with three 
pre-defined levels ‘weak’, ‘medium’, and ‘strong.’ The bina-
rization threshold level (BiThr) divides the normed image 
into black and white areas. An overview of all DaVis V10.1 
particle detection parameters can be found in Table 3.

General gray-level distributions for differently sized par-
ticle shadows and the definition of BiThr are sketched in 
Fig. 6. As depicted here and discussed in (Kapulla et al. 
2008) for DaVis, the BiThr has a significant influence on 
the detected particle size (dp detected). While only large and 
focused particles are detected with high BiThr values, low 
values allow detecting also smaller particles, whereby also 
background noise might be recognized as ghost particles. 
The default value of BiThr is 50%, given by LaVision (Lavi-
sion Gmbh 2019a, b).

To measure particles down to 5 to 10 µm in size with the 
presented optical setup, low binarization thresholds were 
required, which were significantly lower than the LaVision 
default value. Furthermore, the minimum detectable shadow 
area had to be set to 3 px. LaVision states a meaningful 
minimum value of the minimum detectable shadow area to 
be 10 px. For lower values, a significant reduction of par-
ticle diameter measurement precision has to be expected. 
To circumvent this, an additional size correction was estab-
lished. This additional correction had the purpose to cancel 
out the effect of any particle detection parameter, especially 
of BiThr, or the NorRad on the particle size measurement. 
As a consequence, the parameter BiThr could be used to 
control the minimum detectable particle size if applying the 
additional size correction, while its effect on the final parti-
cle size was eliminated.

Following (Koh et al. 2001), the additional size correc-
tion depended on the measured particle size and the defo-
cus level. It is common to use the intensity gradient at the 
detected particle boundary as defocus parameter, which is 
called gradient slope (GS) in the following. This parameter 
was already provided in the DaVis software results. Its defi-
nition is illustrated in Fig. 6.

In this study, a depth-of-field calibration was performed 
with a customized calibration glass target, containing black 
dots in the range of 3 to 100 µm, mostly in steps of 5 µm. 

Fig. 6  Gray levels of differently sized shadows, adapted from (Koh 
et al. 2001). Graphical definitions of BiThr and GS are included



 Experiments in Fluids (2023) 64:49

1 3

49 Page 10 of 23

The target was moved from –3 mm to 3 mm on the z-axis 
through the focus plane in 0.1-mm steps. Images were pre-
processed, so that dirt on the target and the lenses was digi-
tally removed. With the help of these calibration data, an 
additional size correction procedure was developed and the 
shadowgraphy measurement volume thickness was defined. 
It was assumed that the appearance of calibration dots 
behaves similar to the appearance of particle shadows in a 
supersonic flow.

With the help of this calibration, the relation between 
detected and uncorrected size dp detected, GS, and true size 
of the calibration dots (dp True) was found, which is depicted 
in Fig. 7. This relation differed between dots, which were 
placed in front of the focus plane, and dots, which were 
placed behind the focus plane: For small GS values, the 
relation for a single dot size was not distinct. Therefore, a 
minimum GS limit was defined to account only unambigu-
ous data at higher GS values and is marked as dashed red 
line. Its crossing at dp detected = 0 µm is called ‘minimum GS 
offset’ in the following. The minimum GS limit depended on 
the relation between dp detected, dp True, and GS, which again 
depends on the optical setup and DaVis particle detection 
parameters. Similar to (Allofs, Neeb and Gülhan 2022), cor-
rection polynomials were defined, allowing to achieve the 
true size of dots, based on its detected size and GS value:

(7)dpTrue = f (dp detected,GS)

The application of the correction polynomial is called 
additional size correction in the following. It is assumed that 
its uncertainty is 1.25 µm for each particle.

The measurement volume thickness  (dshadow minGS) was 
defined as the focus depth, in which particle/dot sizes 
could be properly detected and corrected with the help of 
the described additional size correction. Depending on the 
implemented optics, it can be described as a function of par-
ticle/dot diameter. Following the remark made in (Legrand, 
Nogueira, Lecuona and Hernando 2016, Senthilkumar et al. 
2020), it is necessary to control if all dots within a defined 
measurement volume thickness are detected. To check 
whether this was the case for  dshadow minGS, the number of 
detected dots was counted for each z-position. The number 
of detected dots was scaled by its maximum and is called 
count efficiency (CE) in the following. If CE is 1 in the 
entire  dshadow minGS, it can be used as final shadowgraphy 
measurement volume thickness  dshadow.

The minimum detectable size of shadowgraphy (dp min) 
is defined as the particle size which can barely be detected, 
while the minimum size at which all dots can be detected is 
named dp min, full.

Finally, it must be noted that the additional size correc-
tion and the  dshadow determination were done individually 
for each camera and for 1 × 1.2  mm2 sections of the shad-
owgraphy images.

The shadow velocity was determined with the help of 
cross-correlation: Two illumination pulses with the pre-
defined Δt were used to generate two shadow images. The 
shadow displacement on these two images was measured. 
The ratio between displacement and time separation is the 
shadow velocity. The uncertainty in shadowgraphy veloc-
ity measurement was assumed to be 0.2 px, the same value 
as reported in (Allofs, Neeb and Gülhan 2022). Additional 
filters were applied on the corrected shadowgraphy data, 

Fig. 7  Relation between 
detected size, true size, and 
gradient slope GS

Table 4  Overview of applied filters on shadowgraphy data

Parameter Unit Filter

Vx m/s 300–theoretical velocity
Vy m/s –20–20
GS % minimum GS offset -
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which are listed in Table 4. The theoretical velocity is the 
gas velocity at the nozzle exit, assuming one-dimensional 
isentropic gas dynamics.

2.9  PTV approach

PTV images were processed with the help of DaVis Flow-
Master software. A ‘subtract-over-time’ filter was applied for 
preprocessing, subtracting the time-average image from all 
other images. The vector processing was split into two steps: 
First, regular PIV vector fields were achieved. Here, a multi-
pass vector calculation with an initial interrogation window 
size of 96 × 96  px2 and a final interrogation window size of 
24 × 24  px2 was used. The overlap was set to 50%. In a sec-
ond step, PTV vector data were calculated, based on the PIV 
vector fields. The allowed particle size range was between 2 
and 500 px, and the correlation window size was set to 32 px. 
A variation in correlation window size resulted in negligible 
differences of the PTV data. PTV velocity uncertainty was 
calculated in the same manner as described in (Allofs, Neeb 
and Gülhan 2022): PIV velocity uncertainty was achieved with 
the correlation statistics method, implemented in the DaVis 
software. With the help of a customized mapping function, 
the PIV velocity uncertainty was interpolated onto the PTV 
velocity data.

To achieve particle mass flow rates from PTV velocity data, 
the size of the particles and the size of the measurement vol-
ume had to be estimated. Due to their large inertia and the 
small size of the nozzle, the investigated particles achieved 
lower velocities than the gas velocity, depending on their size 
(Allofs, Neeb and Gülhan 2022). Thus, a functional relation 
between dp and Vp was defined, depending on flow condi-
tions and the particle material. This relation is called particle 
velocity-size relation, is based on the shadowgraphy data, and 
is only applicable to the investigated flow setup. Assuming the 
validity of the velocity-size relation over the entire nozzle exit, 
PTV velocity data can be converted into size data:

The PTV measurement volume thickness  (zPTV) was 
assumed to be the light sheet thickness, since this was much 
smaller than the DOF of the PTV camera C3. In contrast 
to shadowgraphy, the  zPTV only depends on the y-position.

Following the suggestion made in (Allofs, Neeb and 
Gülhan 2022), a new approach was tested to measure the 
light sheet thickness accurately. A tilted calibration plate 
was moved through the focus plane, while the laser was 
switched on the lowest power level and the flow was turned 
off. Recordings were made with the C3 camera. The width 
of the laser reflections at different y-positions was measured, 
which was converted into the laser sheet thickness. This was 
done for the ‘Master’ (first) and ‘Slave’ (second) laser pulse. 

(8)dp PTV = f (Vp PTV )

The uncertainty of the measurement volume thickness esti-
mation was assumed to be 3 px, which were approx. 75 µm.

Several filters were applied onto the PTV data. These are 
listed in Table 5.

All these filters were used to exclude false vectors. The 
limitation of the correlation value is a recommendation 
given in (Lavision Gmbh 2019a, b).

The resulting particle mass flow rate, based on PTV data, 
is named Gp PTV. Based on the scaling formulation given in 
Eq. (6), the scaled particle mass flow rate (Gp PTV scaled) was 
also calculated.

2.10  Scattered light intensity approach

Another approach for determining the spatially resolved 
particle mass flow rate profile used scattered light intensity 
profiles across the nozzle exit. This method was presented 
in (Vasilevskii and Osiptsov 1999) and was also included 
in (Allofs, Neeb and Gülhan 2022). Following the square-
law dependence between scattered light of particles and their 
diameter (Hovenac 1987) and Eq. (1), it was assumed that the 
following relationship between scattered light intensity and 
the qualitative particle mass flow rate (Gp scatter qual.) is valid:

The scattered light signal was taken from the PTV camera 
C3. Only images were considered, which were recorded dur-
ing the measurement time  tmeas. Afterward, the average from 
all of these images was subtracted from every image. The 
subtracted images were summed up, and the mean intensity 
for every y-position was built. Considering Gp scatter qual. and 
the scaling formulation given in Eq. (6), the particle mass 
flow rate profile, based on scattered light intensity (Gp scatter), 
was calculated.

3  Results

The results section is organized as follows: In the begin-
ning, results of required sub-analyses, namely total particle 
mass, particle density, and measurement volume thickness 
analyses, are reported. Following the guideline of this work, 
particle size distributions of shadowgraphy and PTV are 
qualitatively compared to reference data. Then, particle mass 

(9)scattered light intensity1.5 ∼ dp
3 ∼ Gp scatter qual.

Table 5  Overview of applied PTV data filters

Parameter Unit Filter

Vx m/s 300–theoretical velocity
Vy m/s  −20–20
dp µm 0–60
correlation value – 0.6–0.7
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flow rate uncertainty calculations are presented. In the end, 
particle mass flow rates for all investigated flow conditions 
and particle materials are compared.

3.1  Total particle mass

The relation between collected particle mass  Mp collected and 
mass differences of the seeding device ΔMseeding device is 
illustrated in Fig. 8. The collected particle mass is around 
1/44 of the total particle mass loss of the seeding device. 
This relation is independent of particle material. Since in 
some tests the aerosol spectrometer was installed,  Mp collected 
could not be determined. For the following analyses,  Mp nozzle 
was assumed to be for the tests with implemented aerosol 
spectrometer:

In runs in which the aerosol spectrometer was installed, 
no unintended seeding was observed. The authors assumed 
that this was also the case for all other runs. As a con-
sequence, all particles passed the nozzle in  tmeas and so, 
Eq. (3) and Eq. (4) can be used for the following scaling.

3.2  Particle density

The pycnometer measurement results are summarized in 
Table 6. The reference particle density for  Al2O3, MgO, 
and  SiO2 was taken from (Molleson and Stasenko 2017) 
and (Vasilevskii and Osiptsov 1999), (Niosh Pocket Guide 
to Chemical Hazards —Magnesium Oxide Fume 2022), 
and (Palmer et  al. 2020), respectively. The difference 
between reference value and the mean value of the three 
pycnometer measurements is also given.

For the following analyses, the mean measured val-
ues are taken for particle mass flow rate calculations. A 
particle density uncertainty of 38 kg/m3, 77 kg/m3, and 
6 kg/m3 for  Al2O3, MgO, and  SiO2 particles is assumed, 
respectively. These uncertainties correspond to the largest 
difference between measured and mean densities.

3.3  Measurement volume thicknesses

As mentioned in Sect. 2.8, the final measurement volume 
thickness d is defined as the minimum volume thickness, 
which is limited by the minimum GS and in which the count 
efficiency CE is 1. The count efficiency for the investigated 
z-positions and the final shadowgraphy detection parameters 
(see Table 3) are plotted in Fig. 9. With the selected set-
tings, 5-µm-large calibration dots were barely detected in the 
focus plane (z = 0 mm). This size is defined as the minimum 

(10)Mp nozzle = ΔMseeding device ∗ (1 − 1∕44)

detectable size dp min. The minimum size at which all dots 
can be detected dp min, full is 10 µm. For some z-positions 
and calibration dot sizes, CE is larger than 1. The authors 
observed that this is an effect of particle detection at low 
BiThr values: Unfocussed shadows were split into multi-
ple shadows, resulting in CE larger than 1. To exclude this 
split effect, the z-range was defined as  dshadow CE=1 in which 
CE is always 1. Different shadowgraphy measurement 
volume thicknesses for individual dot sizes are plotted in 
Fig. 10. For all calibration dot sizes,  dshadow CE=1 is larger 
than  dshadow minGS. This means that the count efficiency is 
always sufficiently high in  dshadow minGS, which is used as 
final shadowgraphy measurement volume thickness  dshadow 
in the following.

The measured laser sheet thickness, which can be used 
for dPTV, is plotted in Fig. 11 for both laser pulses, namely 
‘Master’ and ‘Slave.’ The sheet thickness increased from top 
to bottom, from approx. 0.25 mm to approx. 0.5 mm. The 
mean of both laser pulses is marked with a red dashed line. It 
was assumed that all particles were detected by PTV within 
its measurement volume.

Fig. 8  Relation between total particle mass loss in the seeding device 
and the particle mass, collected with the injection collection probe

Table 6  Pycnometer measurement results

Parameter Unit Al2O3 MgO SiO2

Measured ρp, run 1,  H2O kg/m3 3846 3165 2630
Measured ρp, run 2,  H2O kg/m3 3907 3056 2640
Measured ρp, run 3,  H2O kg/m3 3901 3182 2638
Measured ρp, run 4, paraffin oil kg/m3  − 3091  − 
Measured ρp, run 5, paraffin oil kg/m3  − 3174  − 
Measured ρp, mean kg/m3 3884 3133 2636
Reference ρp kg/m3 3950 3580 2650
Difference %  − 1.7  − 12.5  − 0.5
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3.4  Particle size distributions

The measured particle size distributions were compared to 
reference measurements, which were conducted indepen-
dently of the GBK facility or flow conditions. These ref-
erence data were achieved with a dynamic image analysis 
device ‘PartAn SI’ of Microtrac.

Regarding the reference flow condition, the  Al2O3 size 
distribution of test run A-23-2 is shown in Fig. 12, while 
the MgO size distribution of test run M-23-1 is illustrated 
in Fig. 13. Although there is no reference size distribution 
of  SiO2 particles available, the shadowgraphy and PTV size 
distributions of test run S-23-1 are given in Fig. 14. The 
size bins correspond to shadowgraphy defined size bins with 
a bin width of 2.5 µm. The variable measurement volume 
thickness of shadowgraphy data was considered in the fol-
lowing plots, indicated with the addition ‘DOF corr.’

3.5  Particle mass flow rate uncertainty

In general, linear error propagation theory was implemented 
to determine uncertainties. In terms of the shadowgraphy 
and PTV approach, particle mass flow rate was calculated 
with Eq. (1). Hence, particle mass flow rate uncertainty 
depended on the uncertainties of particle number, veloc-
ity, size, density, and the size of the measurement volume. 
Considering the scattered light intensity approach, it was 
assumed that particle mass flow rate uncertainty only 
depends on  Mp nozzle uncertainty. This was also the case for 
Gp PTV scaled.

It was also checked how the resulting shadowgraphy Gp 
is affected by single DaVis shadowgraphy detection param-
eters, namely BiThr and NorRad. Therefore, a parameter 
variation of BiThr and NorRad was performed. As explained 

in Sect. 2.8, the minimum GS offset had to be adapted to 
account for a measurement volume thickness in which CE 
is 1.

In the following, shadowgraphy data from the test run 
A-32-2 (see Table 2) were taken to determine the Gp uncer-
tainty of the presented shadowgraphy approach, including 
the additional size correction and the  dshadow determination. 
The parameter setting as well as the resulting mean Gp value 
and its uncertainty are given in Table 7. While an increase 
of NorRad results in an decreased Gp, Gp increases if BiThr 
and minimum GS offset are also increased.

The average of all Gp mean values is approx. 6.1 kg/
m2s, close to the result with the setting NorRad = 10 px and 
BiThr = 13%. The Gp uncertainty for each parameter setting 
is approx. 0.04 kg/m2s, namely up to 1%. The maximum 
difference between Gp mean values from their average value 

Fig. 9  Count efficiency vs. 
z-position, BiThr = 13%, and 
NorRad = 10 px, C1

Fig. 10  Relation between  dshadow minGS and  dshadow CE=1, depending on 
calibration dot size. CE is always 1 for  dshadow minGS
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is approx. 30%. The percentage of particles smaller than 
dp min, full = 10 µm, which are the ‘invisible’ particles for 
shadowgraphy, on the total Gp is less than 2% for  Al2O3 par-
ticles. Since the variation of Gp mean values is significantly 

larger than the respective Gp uncertainties, an overall uncer-
tainty of 30% for shadowgraphy’s Gp determination of all 
tests was assumed in the following. The parameter setting 
containing NorRad = 10 px and BiThr = 13% was chosen for 
the following analysis.

The particle mass flow rate uncertainties of the three 
measurement approaches are summarized in Table 8. While 
shadowgraphy’s uncertainty was set to 30%, the uncertainty 
of Gp PTV, Gp scattered, and Gp PTV scaled varied for each test run. 
As a consequence, not only the mean, but also the corre-
sponding interquartile ranges IQR of the respective particle 
mass flow rate uncertainties are listed.

3.6  Particle mass flow rate profiles

In this section, the particle mass flow rate profiles of the 
three measurement approaches are compared for each par-
ticle material and for the reference flow condition. These 
profiles are illustrated in Figs. 15, 16, and 17 for  Al2O3, 
MgO, and  SiO2 particles, respectively. Solid, dotted, and 
dash-dotted lines are representing the mean Gp values, while 
the transparent areas illustrate the respective measurement 
uncertainty. Shadowgraphy results are colored red, PTV data 
are colored blue, scaled PTV data are colored golden, and 
scattered light intensity data are colored green.

To compare the three measurement approaches for all 
investigated flow conditions and particle materials, the par-
ticle mass flow rates only in the y-range between –2.4 and 
2.4 mm were considered and averaged. The particle mass 
flow rates of shadowgraphy, PTV, and scaled PTV were 
quantitatively compared to the particle mass flow rate of the 
scattered intensity approach. The comparisons are illustrated 
in Figs. 18, 19, and 20. The colors represent the selected 
particle material. Linear fits were calculated and plotted 
as dashed lines for the visualization of a general behavior 
between the respective measurement approaches. A unity 

Fig. 11  PTV light sheet thickness for both laser pulses at different 
y-positions

Fig. 12  Particle size distribution,  Al2O3, run A-32–2

Fig. 13  Particle size distribution, MgO, run M-32–1

Fig. 14  Particle size distribution,  SiO2, run S-32–1
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line with unitary angular coefficient is also shown for better 
orientation.

4  Discussion

This study focusses on three different non-intrusive 
approaches for the determination of particle mass flow rate 
Gp. These approaches are based on shadowgraphy, PTV, and 
scattered light intensity, respectively. After a general discus-
sion of these three methods, the focus moves to the particle 
size distribution and particle mass flow rate results.

From the literature, shadowgraphy is mostly used for par-
ticle size distribution analysis and only rarely implemented 
for particle mass flow rate or particle concentration deter-
mination (Hufnagel et al. 2018; Lecuona et al. 2000), see 
Table 9). Rather, it is mainly used for the investigation of 
drops and not irregular particles. Compared to the procedure 
given in (Allofs, Neeb and Gülhan 2022), the optical reso-
lution was increased from 211 to 327 px/mm. The increase 
of optical resolution reduced the amount of invisible parti-
cles, smaller than the minimum detectable particle size of 
shadowgraphy, from 17% to less than 2%. These particles 
were stated to be the main driver for particle mass flow rate 
uncertainty in (Allofs, Neeb and Gülhan 2022). Compared to 

Table 7  Parameter variation effects on shadowgraphy's Gp. The 
parameter variation has more influence on Gp than the estimated 
uncertainty based on individual particle parameter uncertainties

NorRad BiThr min. GS offset Gp

[px] [%] [%] [kg/m2s]

10 13 12 6.19 ± 0.04
5 13 12 6.89 ± 0.04
15 13 12 5.69 ± 0.04
25 13 12 5.21 ± 0.03
10 10 12 4.28 ± 0.03
10 20 14 7.24 ± 0.05
10 30 20 7.02 ± 0.04

Table 8  Relative particle mass flow rate uncertainties of all measure-
ment approaches

Parameter Unit Mean (IQR) uncer-
tainty

Gp shadow % 30
Gp PTV % 76 (40–100)
Gp scattered /  Gp PTV scaled % 28 (11–37)

Fig. 15  Particle mass flow rate profiles, run A-32–2,  p0 = 0.952 MPa, 
 T0 = 374.5 K,  Al2O3

Fig. 16  Particle mass flow rate profiles, run M-32–1,  p0 = 0.950 MPa, 
 T0 = 373.5 K, MgO

Fig. 17  Particle mass flow rate profiles, run S-32–1, p0 = 0.952 MPa, 
 T0 = 374.0 K,  SiO2
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other shadowgraphy-related studies summarized in Table 9, 
the presented optical resolution is in a upper medium range.

This study contains a parameter variation of DaVis 
shadowgraphy particle detection settings which was not 
performed in terms of particle mass flow rate uncertainty 
determination in any other study so far, to the best knowl-
edge of the authors. This variation led to a spread of particle 
mass flow rates up to 30% when applying several additional 
correction procedures. This value is significantly larger 
than the predicted uncertainty values based on linear error 
propagation theory. It was found that an increase of the nor-
malization radius NorRad resulted in a decrease of Gp, while 
an increase of Gp was observed when increasing BiThr and 
increasing the minimum GS offset. The latter was required 
for the distinct determination of the particle size correction 
polynomials.

A control of the count efficiency of the presented 
shadowgraphy procedure indicated that the measure-
ment volume thickness  dshadow  CE=1, in which all cali-
bration dots were detected, was larger than the meas-
urement volume thickness limited by the minimum GS 
limitation  dshadow minGS. The relation between  dshadow  CE=1 
and the calibration dot size can be approximated with a 
linear relation, as it is common in previous studies (see 
Table 9). In contrast, the relation between calibration dot 
size and  dshadow minGS is more complex. Since  dshadow CE=1 
is larger than  dshadow minGS, it is assumed that all particles 
were detected in the selected measurement volume. This 
is valid as long as shadows of particles in supersonic 
flows behave similar to circular dots on a glass-target. 
A comparison between bubble-based and glass target-
based calibrations was made in (Senthilkumar et  al. 
2020), showing differences in the detected measurement 
volume thickness. In future studies, it has to be checked 
whether shadowgraphy’s measurement volume thickness, 
measured by means of a glass target without flow, can be 
applied to the supersonic flow environment.

In general, comparing different shadowgraphy image 
processings from the literature is a complex task. The 
relation between shadow appearance and defocus level 
strongly depends on the selected optical arrangement. 
Even if all shadowgraphy processing algorithms are pub-
licly available, the application of just one approach on a 
raw shadowgraphy data set is elaborate. Sharing shad-
owgraphy raw data is difficult due to its large data file 
sizes. Due to different calculation methods, a compari-
son of the found shadowgraphy’s Gp uncertainty cannot 
be made. An advantage of the presented shadowgraphy 
procedure is the fact that it is based on the commercially 
available LaVision DaVis software. This can simplify 

Fig. 18  Comparison of Gp in the range of −2.4 to 2.4 mm, measured 
with the scattered light intensity approach and shadowgraphy

Fig. 19  Comparison of Gp in the range of −2.4 to 2.4 mm, measured 
with the scattered light intensity approach and the PTV approach

Fig. 20  Comparison of Gp in the range of −2.4 to 2.4  mm, meas-
ured with the scattered light intensity approach and the scaled PTV 
approach
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the implementation of the shadowgraphy approach and 
the additional size correction to other researchers who 
have already used DaVis (e.g., Anand et al. 2012; Ghaemi 
et  al. 2010, Hufnagel, Werner-Spatz, Koch and Stau-
dacher 2018).

PTV was used to detect individual particle velocities 
across the nozzle exit diameter. To achieve particle mass 
flow rates from PTV data, several additional measure-
ments had to be taken, which made the PTV procedure 
quite complex and elaborate (see Fig. 5). In particular, 
the data conversion from velocity into size data had to be 
adapted for each flow condition. In general, this conver-
sion is only applicable to setups, in which a monotonous 
particle velocity-size relation can be found. The measure-
ment of the light sheet thickness indicated that the laser 
was not focused exactly on the flow axis, but on the top 
edge of the nozzle.

The scattered light intensity approach is the simplest 
of the presented approaches. Similar to PTV, it required 
also the PTV raw images and the total mass scaling. In 
contrast to the work of (Vasilevskii and Osiptsov 1999), 
in this study the scattered light intensities were raised 
by the power of 1.5 to fit the square-law dependence 
between scattered light and particle diameter (Hovenac 
1987), which seems to be more reasonable. PTV and scat-
tered light profiles were scaled to fit the total particle 
mass whose uncertainty dominates the respective par-
ticle mass flow rate uncertainty. The total particle mass 
uncertainty was caused by the large ratio between balance 
uncertainty and the small weight of seeded particles. The 
balance uncertainty can only be reduced by using a dif-
ferent balance. An idea was to predict  Mp nozzle by only 
considering  Mp collected. Although there is a linear relation 
between those values, this relation is too noisy for proper 
prediction. In future, it seems to be advisable to increase 
the total mass of seeded particles by increasing particle 
mass flow rate or by increasing measurement time.

The presented shadowgraphy procedure and the addi-
tional size correction resulted in a good agreement of 
particle size distribution of  Al2O3 and MgO particles, 
compared to reference measurements by Microtrac. 
Shadowgraphy detected slightly more  Al2O3 particles in 
the range of 15 to 17.5 µm. Because particle agglomera-
tion effects in the reference measurements were mini-
mized, the authors conclude that  Al2O3 particles and 
MgO particle did not show significant agglomeration 
within the GBK flow. The  SiO2 particle size distribu-
tion tends to smaller particles than those of MgO and 
 Al2O3. Some  SiO2 particles up to 80 µm were detected. 
The authors assume that those particles were agglomer-
ated. This agglomeration behavior of  SiO2 particles was 
also described in (Esser et al. 2006). In future studies, 

reference size distribution measurements should clarify 
if  SiO2 particles were agglomerated.

PTV-based size distributions were in poor agreement 
with the Microtrac reference size distributions for all of 
the investigated flow conditions. As expected, most of 
PTV’s detected particles were in the size range of 0 to 
7.5 µm. The authors assume that the large velocity uncer-
tainty is responsible for that poor agreement. This uncer-
tainty can be significantly decreased with two strategies: 
increasing the particle displacement of the PTV record-
ings, and decreasing saturation effects caused by large 
particles. The latter was done with the help of a laser 
light intensity reduction, resulting in moderate success. 
As a conclusion, increasing the particle displacement 
from the current value of 5 to 10 px seems to be the best 
way to decrease PTV uncertainty. Since PTV and shad-
owgraphy used the same illumination source, a simulta-
neous measurement could be quite challenging, though.

The pycnometer results indicated that the measured 
density ρp of  Al2O3 and  SiO2 particles agreed to reference 
values from literature, while the measured MgO density 
was 12.5% lower. The authors assume that this significant 
decrease can be caused, first, by a partial chemical reac-
tion of MgO with humidity, resulting in Mg(OH)2, whose 
density is around 2380 kg/m3, and second, by contami-
nation during the additional sieving process. A reaction 
of MgO with water within the pycnometer during the 
measurement could be excluded, because no difference in 
MgO density between water-filled pycnometer measure-
ments and paraffin-oil-filled pycnometer measurements 
was observed. The authors made another pycnometer 
measurement with smaller-sized MgO particles, which 
were not additionally sieved. The resulting particle den-
sity was even lower than 3133 kg/m3, which seems to 
exclude contamination as the only reason for the low den-
sity. As a consequence, careful attention must be given 
to the reactivity of particle material and its storage in 
future studies.

While simple dust catcher probes suffered from col-
lecting particles in preliminary tests in the GBK facil-
ity, the results of the scaled scattered light intensity 
approach were used for referencing, since this technique 
was already used in a similar manner in (Vasilevskii and 
Osiptsov 1999). An improvement of dust catcher probes 
for the use in the GBK facility is recommended in future 
studies, to have integrated reference particle mass flow 
rates like in (Kudin et al. 2013; Polezhaev et al. 1992).

The PTV approach resulted not only in a poor agree-
ment of the particle size distribution, but also the par-
ticle mass flow rates showed large deviations from the 
scaled scattered light intensity Gp values, preventing use-
ful interpretation of the results. The authors assume that 
the PTV approach has to be applied on PTV data with a 



 Experiments in Fluids (2023) 64:49

1 3

49 Page 18 of 23

significant larger particle displacement and reduced satu-
ration effects, to conclude if the PTV approach is generally 
feasible. The scaling of the PTV profile to the total mass 
of seeded particles resulted in approx. 12% higher particle 
mass flow rates, compared to those of the scaled scattered 
light intensity. Both scaled approaches have a Gp uncer-
tainty of approx. 28% (IQR 11–37%) which is dominated 
by the uncertainty of  Mp nozzle. As expected, the larger the 
 Mp nozzle, the lower its relative uncertainty.

Shadowgraphy’s Gp is approx. 58% higher than those 
of the scaled scattered light intensity. Assuming that the 
latter one is correct and considering the fact that shadow-
graphy measured the particle size distribution and velocity 
properly, the main driver for the increased Gp could be 
an underestimated measurement volume thickness  dshadow. 
However, in the study of (Senthilkumar et al. 2020), it is 
proposed that a DOF calibration with the help of a glass-
target tends to an overestimated  dshadow.

On the other hand, it is also feasible that shadowg-
raphy’s Gp is correct and that the scaled scattered light 
intensity approach and the scaled PTV approach are under-
estimating Gp. This can be true if the assumption of the 
semi-axisymmetric flow is not appropriate. Taking the sin-
gle particle injection point within the stagnation chamber 
into account, particles can accumulate on the x–y plane. 
This fact would increase shadowgraphy’s Gp, but not the 
Gp values of the scaled scattered light intensity and the 
scaled PTV data, because these are scaled to the total par-
ticle mass. To close this gap of information, it has to be 
shown in future studies whether the particle mass flow rate 
distribution is axisymmetric or semi-axisymmetric. In any 
case, the authors assume that the shadowgraphy’s Gp value 
can be used as an initial guess.

5  Conclusion

To the best knowledge of the authors, this is the first study 
in which particle mass flow rates were determined quantita-
tively with the help of simultaneous and individual determi-
nation of particle number density, particle size, and velocity 
in supersonic flows. This work has significantly improved 
the measurement approaches introduced in (Allofs, Neeb 
and Gülhan 2022), by the use of a customized calibration 
target, increased optical resolution, and consideration of the 
counting efficiency. Multiple supersonic flow conditions and 
particle materials were tested in the experimental test facility 
GBK of DLR Cologne.

A qualitative comparison of particle size distributions 
of  Al2O3 and MgO particles showed a good agreement of 
shadowgraphy size data and reference data.  SiO2 particles 
seemed to agglomerate, which has to be confirmed in future 
studies.

While pycnometer measurements of  Al2O3 and  SiO2 par-
ticles resulted in particle densities close to reference values, 
MgO particle density was approx. 12.5% lower. The authors 
assume that this was caused by a chemical reaction of MgO 
with humidity to the significant lighter Mg(OH)2.

A quantitative particle mass flow rate comparison of 
three non-intrusive measurement approaches was made. A 
DaVis ParticleMaster software parameter variation was used 
to determine the particle mass flow rate uncertainty of the 
presented shadowgraphy approach, which is up to 30%. This 
value is significantly larger than the predicted uncertainty 
values based on linear error propagation theory. PTV-based 
particle mass flow rate is dominated by high uncertainties 
in the range of 40 to 100%. It is suggested to increase the 
pixel displacement in PTV’s double-images for a signifi-
cant improvement of PTV’s velocity uncertainty. The Par-
ticle mass flow rate of the scaled PTV approach is approx. 
12% higher than those of the scaled scattered light intensity 
approach. The particle mass flow rate uncertainty of both 
is in the range of 11 to 37%. Shadowgraphy detected 58% 
higher particle mass flow rates in average than the scaled 
scattered light intensity approach. The latter one assumes 
a semi-axisymmetric particle mass flow rate distribution 
across the nozzle exit. Future studies need to investigate the 
correctness of this assumption, since a particle accumula-
tion along the shadowgraphy measurement plane seems to 
be possible.

The results of this work are useful to select appropri-
ate measurement procedures for particle mass flow rate 
determination in future studies. Future work will focus on 
the correlation between particle mass flow rate and stagna-
tion point heat fluxes, on the improvement of the presented 
measurement techniques and its applicability to other testing 
facilities, on the influence of particle shape, and on numeri-
cal simulation of particle motion.

Appendix

Overview particle sizing with shadowgraphy

See Table 9. 
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