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The compressible accelerated mixing layer of a central injector was investigated experimentally and numer-
ically. A wing-shaped central injector was mounted upstream of a rectangular convergent-divergent nozzle,
through which air was accelerated to a Mach number of 1.7. The free-stream Reynolds number at the point of
injection was 6.245 x 10%. Four different measurement techniques — short-time illuminated schlieren imaging,
laser schlieren, laser-induced thermal acoustics (LITA), and laser-induced fluorescence (LIF) — were applied
to visualize the flow structures and to measure the predominant frequency of periodic flow features, the
Mach number and temperature, and the injectant distribution. In addition, three-dimensional (3D) unsteady
Reynolds-averaged Navier-Stokes (URANS) simulations using the shear stress transport (SST) turbulence
model were conducted. Instantaneous images showed that the mixing layer was dominated by a series of
alternating vortices. We were able to prove the mixing layer’s self-similarity by means of injectant mass frac-
tion profiles, which were derived from LIF measurements. The growth rate of the mixing layer was shown to
approximately follow the 1/2-power law. It was concluded from comparison to literature data that the growth
rate is primarily determined by the free-stream Reynolds number, whereas the free-stream Mach number
(compressibility effects) and the injectant amount play a minor role. Numerical simulations showed overall
good agreement with the experimental data. However, the vortex shedding frequency and the mixing layer
growth rate were underestimated by the simulations, as well as the wake deficit derived from Mach number
profiles, which were measured with LITA. This indicates that the flow physics of vortex formation are not
entirely reproduced.
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I. INTRODUCTION

Efficient and rapid mixing of two or more reactants
is of central importance for numerous technical applica-
tions. Their special demands involve a variety of techni-
cal implementations, one of these being a central injector
through which a gas is injected parallel into a gaseous co-
flow. Such wake flows have drawn scientific interest over
the last decades. However, most research has been con-
ducted in either purely sub-'"7 or supersonic flows®1°
due to their technical relevance, e.g., heat transfer en-
hancement and scramjets.

In incompressible planar wakes, large-scale streamwise
vortices that periodically shed from the upper and lower
shear layer are the principle mechanism of entrainment
and mixing. It was shown that the vortex shedding fre-
quency scales linearly with the free-stream velocity over a
wide Reynolds number range’?!!, and that the normal-
ized shape of the deficit velocity profile remains invariant
regardless of the shape of the wake generator.?'? The ef-
fect of a splitter plate that separates the shear layers*® as
well as the impact of base bleed®” have been extensively
studied. Both were shown to delay or even suppress the
onset of vortex shedding, depending on the length of the
splitter plate/the amount of injectant added to the wake.

a)Electronic mail: judith.richter@itlr.uni-stuttgart.de

The effect of compressibility has been addressed by
means of two-stream shear layers.3? It could be demon-
strated that compressibility inhibits turbulent diffusion
and, as a consequence, significantly reduces the growth
rate. Nevertheless, the self-preserving state of the wake
structures persist also in supersonic wake flows.'°

More recently, transonic mixing investigations!® 13

emerged from a research activity devoted to the de-
velopment of a shock-wave flow reactor to synthesize
nanoparticles.!® It features a central injector through
which a precursor is injected into the subsonic flow re-
gion of a convergent-divergent nozzle. The principle idea
is to initiate the particle formation by a controlled shock
wave downstream of the nozzle throat to achieve a nar-
row size distribution. This requires a spatially and tem-
porally homogeneous mixture, thus efficient and rapid
mixing within the convergent-divergent nozzle. Previ-
ous studies in our lab suggest that the mixing layer
stays invariant despite of the strong flow gradients within
the nozzle and independent of the injection angle and
shape of the central injector (with/without streamwise
ramps).!1314 Large eddy simulations!® revealed that an
injector configuration with a streamwise-ramp geometry
outperforms its planar counterpart regarding the mixing
quality. However, the wake growth rate was noticeably
reduced!® because the introduction of spanwise vorticity
weakens the large-scale coherent structures.

All these studies on transonic mixing processes shared
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the same goals defined by gas-dynamically induced
nanoparticle synthesis. As a consequence, the geometry
of the flow channel was predetermined and did not allow
for fundamental investigations of the underlaying flow
physics. Very recently, a new modular flow channel has
been designed at University of Stuttgart to experimen-
tally study the mixing behavior of a compressible accel-
erated nozzle flow under controlled flow conditions.!” 22
The main objective of our current investigation is to pro-
vide a profound experimental data set involving different
measurement techniques that can be used as validation
of numerical simulations.

This paper reports on combined experimental and
numerical mixing investigations in the wake of a cen-
tral injector that is located upstream of a convergent-
divergent nozzle. Four different measurement techniques
— short-time illuminated schlieren imaging (SI), laser
schlieren (LS), laser-induced thermal acoustics (LITA),
and laser-induced fluorescence (LIF) imaging — were ap-
plied to visualize the flow structures and to measure
the vortex shedding frequency, the Mach number and
temperature, and the injectant distribution. These ex-
perimental results are used for the validation of three-
dimensional (3D) unsteady Reynolds-averaged Navier-
Stokes (URANS) simulations. It could be shown that the
simulations globally yield satisfactory results, but fail to
correctly predict the onset of vortex shedding.

The following section will provide details on the ex-
perimental and numerical setup and on the measurement
techniques applied. The results section will first show in-
stantaneous images of the flow structures together with
results from vortex shedding frequency measurements.
This will be followed by a detailed discussion of results
from LITA (Mach number and temperature) and LIF (in-
jectant distribution) measurements including evidence of
the self-preserving state of the mixing layer. Further,
numerical results will be provided throughout the results
section. The discussion section will involve comparison
of the LIF results to previous measurements and will give
possible reasons for the deviation between numerical and
experimental results. Finally, all major findings will be
summarized and concluded.

Il. METHODS
A. Experimental Methods

All experiments were performed at the high-enthalpy
flow facility (Fig. 1) of the Institute of Aerospace Ther-
modynamics (ITLR) at the University of Stuttgart. It
includes a screw compressor and an air dryer that can
continuously deliver up to 1.45kgs™! dry air at a max-
imum total pressure of 10bar. The air can be heated
electrically to a maximum total temperature of 1300 K
before entering the flow channel. Four decomissioned
submarine air flasks function as an auxiliary air supply
in case of breakdown of the screw compressor. The test
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facility is further equipped with a mass flow meter (En-
dress + Hauser, Prowirl 77H DN 100, accuracy < 1%
of reading) and a pressure sensor (Omega, PAA21-C-10,
accuracy < 0.5% of full scale), which measures the to-
tal pressure at the flange connection between the heater
outlet and the flow channel inlet.

1. Modular flow channel

The modular flow channel has a constant width of
40 mm and consists of three segments and an outlet dif-
fuser. Its modular design allows to vary the injector ge-
ometry and position, the pressure gradient downstream
of the nozzle, and the nozzle Mach number. This paper
focuses on one specific configuration as described below.

Figure 2 shows the cross-section through the middle
plane of the modular flow channel. The first module
connects the heater exit with the optically accessible test
section (modules 2 and 3). It provides eight ports for
main flow seeding, four of which were utilized to evenly
inject tracer into the main flow for insitu flat-field correc-
tion of the LIF images: Two pipes of 5mm in diameter
that feature ten bores (d = 0.7mm) were each horizon-
tally plugged through the flow channel and seeded with
tracer from both channel sides. The first module is fur-
ther equipped with a temperature probe union that is
employed to position a calibrated thermocouple (type K,
accuracy £1.5K) at the flow centerline to measure the
total temperature of the main flow.

The second module includes the central injector and
the convergent-divergent nozzle, through which the main
flow is accelerated to a Mach number of about 1.7. Fig-
ure 3 shows the geometry and dimensions of the central
injector. It is wing-shaped, extends over the entire width
of the channel and reaches down to 42.1 mm upstream
of the nozzle throat. The injectant is added to the sub-
sonic main flow through four holes of 2.5 mm in diameter
spaced by a center-to-center distance of 4.8 mm. The sec-
ond module further provides an extra port for additional
measurement instrumentation, which was not used dur-
ing the experiments presented here.
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FIG. 2. Cross-section of the modular, rectangular (40 mm width) flow channel designed for transonic mixing investigations
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TABLE 1. Injected gas flow conditions.

FIG. 3. Dimensions of the central injector

The third module is basically a planar extension of
the second module and allows for the observation of the
mixing layer development. The last module functions
as an outlet diffuser, which decelerates the flow to sub-
sonic speed. To avoid deflection of the flow, two horizon-
tal plates are mounted in its connecting flange (Fig. 2).
Throughout modules 2 and 3, pressure taps (Scanivalve,
DSA 3016, accuracy < 0.05% of full scale) are installed
at the top wall slightly off the middle plane. Optical
access is provided from all four sides to allow for the
application of laser-induced fluorescence (LIF) imaging
measurements.

The injected gas flow is provided by a heated evap-
orator system (Brooks DLI). The evaporator system is
equipped with two mass flow controllers, one for the
carrier gas (Brooks, GF40, accuracy < 1% of reading)
and one for the liquid tracer (Brooks, QMBC, accuracy
< 0.5% of reading), and with a calibrated thermocou-
ple (type K, accuracy +1.5K) just prior to the point of
injection.

2. Flow conditions

During all experiments, air was provided at a total
pressure of 2.5 bar and a total temperature of 380 K at the

# miang Cair Eoras Ene QINI  UINI Methods
g/s — - — 1l/min m/s

1 0 0 0 0 0 0 LS

2 025 1 0 0 7.65 6.49 LS

3 050 1 0 0 15.30 12.99 LS, LITA, CFD
4 075 1 0 0 22.95 19.48 LS

5 1.00 1 0 0 30.60 25.98 LS

6 056 0 0.25 0.75 14.64 12.42 LS, LIF

7 075 0 040 0.60 17.13 14.54 LS, LIF, SI, CFD

outlet of heater 3 (Fig. 1). The corresponding free-stream
mass flow rate and the wall static pressure at the test sec-
tion inlet (z = —185mm) were 0.518 kgs~! and 2.25 bar.
The free-stream Reynolds number Res = UoohITE/ Voo
based on the height of the injector trailing edge hiTg
was calculated from numerical results to be 6.245 x 10%.
Here, us and v, are the free-stream velocity and kine-
matic viscosity at the boundary layer edge of the injector
trailing edge.?!

The injected gas flow was heated up to 380 K and con-
sisted of, depending on the requirements of the measure-
ment technique applied, pure air or a mixture of toluene
(C7Hsg) and nitrogen (Nz), with mass fractions §; of ei-
ther 25 or 40 % toluene. The injected mass flow rate
Ny was varied to study the influence of the injector
base bleed. All investigated injectant flow conditions are
summarized in_table I including the corresponding vol-
ume flow rate Qiny and injection velocity viny, which are
calculated from the experimental conditions.

3. Optical measurement techniques

To evaluate different aspects of the mixing layer that
develops downstream of the central injector, four differ-
ent optical measurement techniques were applied: Short-
time illuminated schlieren imaging (SI) was utilized to
visualize the flow structures. A laser schlieren technique
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(LS) was applied to determine the vortex shedding fre-
quency. Laser-induced thermal acoustics (LITA) was
used to quantitatively measure Mach number and tem-
perature profiles close to the injector trailing edge. The
mixing layer growth was analyzed qualitatively by apply-
ing laser-induced fluorescence (LIF) imaging using the
added toluene as fluorescence target species. In the fol-
lowing, each measurement technique is briefly described.

A common schlieren setup??, consisting of a green
LED as a point light source, two achromatic lenses (d =
100 mm), a pinhole and an single-lens reflex (SLR) cam-
era, was used to capture the high-frequency flow struc-
tures in the wake of the central injector. For this pur-
pose, the LED light source was driven by a simple driver
circuit?* to emit high-power short-time pulses as short as
1 us. For the current case, a light pulse with a duration
of 5 us showed best results regarding the balance of light
output and blurring.

To measure the vortex shedding frequency in the mix-
ing layer, a simple optical laser schlieren method that
senses the density fluctuations induced by the vortices
was applied.'® The main principle is similar to that of
schlieren imaging, the only difference being that the area
of interest is significantly decreased. Therefore, the op-
tical setup reduces to the following: A laser beam is
aligned perpendicular to the flow direction at a point
in the vicinity of the injector trailing edge. On the other
side of the flow channel an iris and a high-speed pho-
todetector, which is connected to an oscilloscope, are
positioned in line with the laser beam. If necessary, a
lens can be added between the laser source and the flow
channel or/and just prior to the photodetector to locally
reduce the beam diameter. The setup used for the ex-
periments presented here is identical to that used in our
previous experiments'® except for the laser source, which
was replaced by a low-cost fiber-coupled laser (Thorlabs,
S1FC635, A = 635 nm).

Laser-induced thermal acoustics (LITA, often also
called laser-induced grating spectroscopy, LIGS) is a non-
intrusive point measurement technique that can be ap-
plied to measure temperature, flow velocity, transport
properties, species concentration, and pressure.2%26 In
brief, LITA is based on the scattering of a laser beam off
a grating structure generated in the gaseous medium by
interaction with two interfering pulsed laser beams:27-28
Two coherent short-pulsed laser beams of the same power
originating from a single laser source (pulsed Nd:YAG
laser, Spectra-Physics PIV-200-10, A = 1064 nm, Tpyise =
10ns) intersect at a certain angle in the measurement
volume to form an interference grating. This results in
a spatially periodic modulation of the density of the test
medium due to either the absorption and local heat-up
of the test gas (resonant, thermalization) and/or the po-
larization of the molecules in the presence of an electri-
cal field (non-resonant, electrostriction).? The initially
formed grating dissipates with the local speed of sound
and therefore causes a local temporal density fluctua-
tion. A third laser beam from a second source (continu-

ous wave DPSS laser, Coherent Verdi V8, A = 532nm) is
focused on the interference grating and partly scattered,
thus forming the signal beam. From its temporal varia-
tion, the speed of sound or, for a known composition of
the test medium, the temperature can be derived from a
frequency analysis. If the signal beam is mixed with its
own unscattered part, the Doppler shift can be measured
from the beat frequency, which contains information on
the flow velocity. In the past, LITA has been applied at
ITLR to measure Mach number and temperature in su-
personic hydrogen/air diffusion flames, in shock-heated
flows and in the supersonic wake of a strut injector.3032
In the experiments presented here, LITA was applied to
measure Mach number and temperature profiles in the
transonic, accelerated wake of a central injector, which
requires the interference grating beeing oriented perpen-
dicular to the flow. The measurement volume was always
positioned within the z-y plane at the center of the flow
channel (between the second and third injector hole, cf.
Fig. 3), measured approximatly 0.3 mm in diameter, and
extended 7mm in z-direction. A detailed description of
the optical setup and of the signal post-processing are
given in one of our previous publications.'®

Toluene laser-induced fluorescence (LIF) imaging was
applied to measure the spatial distribution of the injected
fluid in the wake of the central injector. The injectant
consisted of vapor-phase toluene (C;Hg) in nitrogen (N3)
and the toluene was excited by a 0.3 mm x 24 mm laser
light sheet at 248 nm from a krypton-fluoride excimer
laser (Lambda Physics LPX100). The light sheet was po-
sitioned in the center of the channel illuminating the flow
between the second and third injector hole (cf. Fig. 3).
Its laser fluence was limited to 70 mJ cm ™2 with a variable
attenuator to ensure linear signal response. The toluene
fluorescence that peaks at about 280 nm33 was detected
by an intensified CCD camera (LaVision Imager Intense
+ IRO) equipped with a bandpass filter (280 4 20 nm,
Semrock BP280/20). More details are given in one of
our previous publications.?? For post-processing, the im-
age data were mapped to real world coordinates, nor-
malized with regard to the respective pulse laser energy,
and time-averaged (200 shots). Further, averaged back-
ground and flat-field images were obtained to correct for
scattered laser light and light sheet inhomogeneities. For
the latter, toluene was fed far upstream into module 1 to
achieve a homogeneous toluene concentration at experi-
mental conditions. This was necessary because thermal
expansion shifted the flow channel during startup and an
approximate thermal equilibrium was only maintained if
(hot) flow through the channel was present.

B. Numerical Methods

3D numerical simulations were performed to compare
with the experimental data measured at inflow conditions
#3 and #7 (table I). To minimize computational costs,
the numerical domain was limited to —185mm < z <
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200 mm corresponding to module 2 and about one third
of module 3 (Fig. 2). In addition, only a single exit hole of
the central injector was considered so that the spanwise
extent of the domain was Az = 4.8 mm (Fig. 3). This
was done by assuming periodicity in z-direction. A hy-
brid mesh of 8.65 Mio nodes that finely resolves the wake
flow region was generated with CENTAUR 12.3* Figure 4
shows a sketch of the entire grid and a detailed view of
the cells in the vicinity of the injector trailing edge. The
number of cells within the wall-near hex-layer varies lo-
cally between 15 and 28 to cover the changing boundary
layer thickness. Further, the dimensionless wall distance
yf = YulUs/V stays within 30 < yf < 60 everywhere,
but in the injection bore where y;” < 2. Here, y,, is the
distance to the nearest wall, u, is the friction velocity,
and v is the kinematic viscosity.

The unsteady Reynolds-averaged Navier-Stokes equa-
tions (URANS) were solved using the commercial implicit
flow solver ANSYS CFX 1835 and the shear stress trans-

port (SST) turbulence model developed by Menter3® was
applied for describing the turbulent flow. The thermo-
dynamic and transport properties of toluene (condition
#7) were modeled in the form of least-squares coefficients
according to NASA.37 Further, the temperature depen-
dence of its dynamic viscosity was evaluated with Ref-
prop 10%® and provided in the form of the Sutherland
law. The physical time step was set to 1 ps in the case of
condition #3 and to 0.5 s in the case of condition #7 to
ensure a maximum residuum below 10~4 for all relevant
flow variables. The following boundary conditions were
applied: Inflow profiles of total pressure pg, total tem-
perature Tj, turbulence intensity Tu, and eddy viscosity
ratio v;/v were calculated in a preceding simulation that
covered module 1. Here, the experimental flow conditions
(mass flow rate, total temperature, and wall static pres-
sure at the test section inlet) were applied as boundary
conditions, together with an initial turbulence intensity
of 5% and an initial eddy viscosity ratio between the

turbulent and molecular dynamic viscosity of 100. (We
observed in one of our previous studies that a more elab-
orate choice of inlet turbulence level and viscosity ratio is
not necessary since high turbulence is strongly damped
within a short distance by the SST turbulence model.'?)
The mass flow injected through the central injector was
set to either 0.125 gs ™! air (condition #3) or 0.1875gs™!
toluene seeded nitrogen (condition #7) matching 1/4 of
the injected mass flow in the experiments (through four
injection holes). All flow channel and injector walls were
treated as no slip, smooth walls and the outlet condition
was set to supersonic flow.

Phase-averaged results are often required to compare
with experimental data. Therefore, the numerical aver-
age was calculated over exactly five oscillations of vor-
tex shedding after the simulation reached a quasi-steady
state.

. RESULTS

The results are organized in three parts: First, the
dominant wake flow structures are identified from single-
shot LIF images and short-time illuminated schlieren im-
ages. This part also contains results from frequency mea-
surements within the wake obtained with the LS tech-
nique. Secondly, the most important flow properties
(pressure, temperature, and velocity) are discussed in-
cluding results from LITA measurements. Finally, the
wake flow profiles and the axial growth rate of the wake
are analyzed on the basis of time-averaged LIF data. All
three parts further include results from 3D URANS sim-
ulations to compare with the particular experimental re-
sults.

The coordinate system used for processing and analy-
sis of the data is located in the center of the nozzle throat
as sketched in Fig. 4. Note that the distance to the injec-
tor trailing edge d may be used instead of the streamwise
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FIG. 5. Condition #7. a) single-shot LIF image, b) short-
time illuminated schlieren image, and c¢) pseudo-schlieren im-
age from numerical simulation of the wake and nozzle flow, all
at the same phase angle. The injector trailing edge (white) is
positioned at the very left side.

coordinate z (d = x4+ 42.1 mm). Various mass flow rates
and gas compositions were used as injection flow as sum-
marized in table I. In the following, they will be referred
with the numbers introduced in table I.

A. Wake flow structures

The shear layers of subsonic bluff body wakes are typ-
ically dominated by vortices that alternately shed from
the upper and lower side of the wake generator. Such
coherent structures have been observed downstream of

the injector trailing edge in our experiments and nu-
merical simulations. To experimentally visualize these
high-frequency flow structures, short-time illuminated
schlieren imaging was applied. Coherent structures could
be also identified in single-shot LIF images since the
vortices entrain most of the injected toluene. Figure 5
shows a single-shot LIF image, a schlieren image (experi-
mental), and a pseudo-schlieren image (numerical) of the
wake and nozzle flow at the same phase angle of vortex
shedding.

The positions of the vortices downstream of the injec-
tor trailing edge agree very well. However, differences
arise in the decay of the coherent structures. Appar-
ently, the initially large vortices break up into smaller
structures while being convected downstream. This can
be concluded from the experimental images (Figs. 5a and
b), where the vortices seem to disintegrate into smaller
structures at their fringes. On the contrary, the (numeri-
cal) pseudo-schlieren image reveals very distinct vortices
exhibiting a smooth shape. This is because turbulent
structures are not resolved in the numerical (URANS)
simulation.

The vortex shedding frequency f was measured with
the LS setup (see above). The resulting Strouhal num-
bers St = fhiTe/uc are plotted over the normalized base
bleed rate C; = miny/(pocticoArrr) in Fig. 6. Here, uoo
and p, are the free-stream velocity and density obtained
from numerical simulation at the position of the injector
trailing edge, and hrrg and Ajrg are the height and the
area of the injector trailing edge. The continuous lines in
Fig. 6 approximate experimental results from Bearman®
who investigated the effect of parallel injection through a
slit-shaped opening on the wake of a blunt-trailing-edge
model at similar Reynolds numbers. His model was de-
signed with an exchangeable trailing edge to allow for the
investigation of different slit heights, thus, of varying in-
jection momentum (since the injection velocity increases
with decreasing slit height). This variation is expressed
in terms of the area ratio Ainy/Arrr, where Ainy rep-
resents the injection opening and Aprg the area of the
trailing edge (including the injection opening). In our
case, flow is injected through four holes instead of one
slit (Fig. 3) and, consequently, the area ratio is smaller
compared to that of Bearman.

The moderate (parallel) injection into the wake flow
causes an increase of the vortex shedding frequency. This
“stabilizing” effect is similar to that of a short splitter
plate (I/hrrr < 1) mounted at the trailing edge to sep-
arate the shear layers.* Beyond this, Bearman demon-
strated that the velocity fluctuations become weak and
irregular at higher mass flow rates (Cy > 0.1). However,
the evaporator system that provided the base bleed in
our experiments did not allow for larger C.

Figure 6 further shows results from numerical simula-
tion (open symbols) for the two flow conditions #3 and
#7. The predicted frequencies underestimate the vortex
shedding frequencies by about 15%. On a closer look at
Fig. 5, one sees that the vortices visible in the pseudo-
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schlieren image (numerical) are slightly pulled apart — an
effect of the lower frequency. This failure in frequency
prediction was also observed for numerical simulations
(2D URANS) without injection.'8

Besides, injection into the wake flow causes a shift of
the vortex formation point: In the case of no injection,
the vortices form directly at the injector trailing edge,
whereas with injection the vortices roll up further down-
stream from the edge of the shear layer.”'®2! The onset
of vortex shedding is shown in detail in Fig. 7. The four
images represent four different phase angles ¢ obtained
from several oscillations. It nicely shows that the point
of vortex formation is slightly detached from the injector
trailing edge as a result of the low momentum injection.

B. Pressure, Mach number, and temperature

Figure 8 shows time-averaged wall static pressure mea-
surements together with numerical results. Note that er-
ror bars are omitted as the confidence interval (less than
+0.035 bar) is smaller than the symbol size. The static
pressure drops significantly from about 2.3 bar to about
0.5bar while the main flow accelerates to supersonic

y-position (mm) y-position (mm) y-position (mm)

y-position (mm)

0 5 10 15 20 25 30
Distance to trailing edge (mm)

FIG. 7. Condition #7. Short-time illuminated schlieren im-
ages of the vortex formation at the injector trailing edge
(white) representing four different phase angles ¢ over one
oscillation cycle.

speed. The numerical and experimental data agree nicely
upstream of the third channel module (z < 45mm).
From there, downstream of the nozzle, the experiment
reveals a rise in static wall pressure whereas the pressure
stays approximately constant in the simulation. This de-
viation can be easily attributed to 3D effects, namely the
side-wall boundary layers and the interaction between
the boundary layers in the corners of the rectangular flow
channel, which are not considered in the numerical do-
main. In addition, very weak oblique shock waves that
form at the flange connection between module 2 and 3
(x = 62.2mm) due to manufacturing inaccuracies were
observed in the experiments.??

Temperature and Mach number profiles have been
measured with LITA in the wake of the central injec-
tor along the nozzle center line (Fig. 9) and perpendic-
ular to the flow direction (Fig. 10a-c). All data sets
were recorded separately in consecutive measurement se-
ries within one day. Since the temperature is calculated
from the speed of sound and, thus, depends on the gas
composition (ideal gas law), the injectant added to the
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o (66 % confidence interval).

wake was pure air (condition #3) to achieve a uniform
gas composition throughout the flow channel. The er-
ror bars represent the standard deviation o (66 % con-
fidence interval) that was estimated according to previ-
ous investigations.'® Note that the Mach number is a
direct result of (heterodyne) LITA detection, whereas
the temperature determination requires additional cal-
ibration and, as a consequence, its standard deviation is

larger.

Figure 9 shows that similar to the wall static pressure
(Fig. 8) the centerline temperature decreases from 378 £+
23K to 246+ 15K as the flow is accelerated to supersonic
speed. Further, the maximum Mach number measured
at the nozzle exit amounts to 1.691 +0.015 and therefore
meets the design Mach number of 1.7. The numerical
results (dashed line) agree well with the measurements.
The deviations § are < 4% everywhere but close to the
trailing edge at d = 10 mm, where the Mach number is
underestimated by 8.3 %.

This discrepancy in centerline Mach number is also ev-
ident at the centerline position of the corresponding flow
profile plotted in Fig. 10a, which originates from another,
not the “centerline” but the “perpendicular” measure-
ment series. Here, the deviation between experimental
and numerical investigation is even larger and amounts
to 25.7%. Nevertheless, the error bars of both measure-
ments from the two series almost overlap, cf. open and
filled symbol in Fig. 10a. We believe that the deviation
between these two series can have two reasons: First,
the main flow conditions are subject to small fluctua-
tions over the test day. Secondly, the flow channel shifts
during the test day due to thermal expansion of the test
facility adversely influencing the reproducability of the
beam positioning. However, both measurements differ
significantly from the simulated Mach number revealing
that the numerical wake deficit is too small. This is
not surprising since the deviation in shedding frequency
(Fig. 6) already indicates that the wake flow physics are
not entirely met. Apart from the centerline position, the
recorded (LITA) Mach numbers at d = 10mm are only
slightly overestimated and the shape of the profiles agree
reasonably well.

At d = 30 mm downstream of the injector trailing edge
(Fig. 10b) the wake has broadened and, again, the simu-
lated Mach numbers apparently underestimate the wake
deficit. However, at 50 mm downstream of the injector
trailing edge (Fig. 10c) both, the Mach number and the
shape of the profile, match. Further downstream the
signal quality degraded due to further decrease in pres-
sure so that the evaluation became infeasible.'® We be-
lieve that the reason why the only Mach number profile
recorded in the supersonic flow region is better predicted
by the numerical simulation is the following: Here, the
minimum velocity at the centerline position does not pri-
marily originate from the wake deficit itself, but from
the supersonic nozzle flow profile. The velocity profile
“flips” at the nozzle throat, i.e., its initial shape is re-
versed so that the minimum velocity occurs at the nozzle
centerline. Compared to this, the wake deficit velocity is
negligible.

Apart from the Mach number profiles, all predicted
temperature profiles lie within the experimental confi-
dence interval at all three positions (Figs. 10a-c). This
is obviously favored by the large uncertainty and an im-
proved measurement accuracy would be desired to better
evaluate the numerical results. However, this requires in-
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FIG. 10. Condition #3. Temperature and Mach number profiles at three different streamwise positions, a) 10 mm, b) 30 mm,
and c¢) 50 mm downstream of the injector trailing edge, from LITA measurements together with results from numerical simulation
(CFD), their discrepancy ¢ and the standard deviation of the experiments o (66 % confidence interval). Filled symbols are
results from the “centerline” measurement series (cf. Fig. 9), which are plotted for comparison.

situ calibration of the LITA setup'®, which is currently
not possible at our facility.

C. Mixing layer growth

Wake flows are typically characterized by their deficit
velocity and their half-width.!? The latter is defined as
the point perpendicular to the flow direction where the
deficit velocity is reduced to 50%. With increasing dis-
tance to the wake generator, the deficit velocity decreases
while the half-width increases. From these two proper-
ties, the axial growth rate of a wake can be determined.
In most cases, the shape of the normalized deficit veloc-
ity profiles (normalized with respect to their maxima and
the corresponding half-width) do not change from a cer-
tain point downstream of the wake generator regardless of
its geometry.>313 This phenomenon is called self-similar
behavior.

In order to experimentally visualize the mixing layer,
toluene was added as a tracer to the injected gas flow
(conditions #6 and #7) to allow for the application of

tracer LIF. Figure 11 shows the resulting time-averaged
LIF image composed of 11 light sheet positions that
cover the first two windows of the flow channel (Fig. 2).
(All images are normalized by the integrated signal-
intensity in y-direction for illustration purposes.) It fur-
ther sketches a LIF intensity profile extracted at an ar-
bitrary position.

By analogy with the conventional wake flow analysis,
the half-width d; /5 equals the half-width half-maximum
value of the intensity profile. Therefore, each profile is
filtered and normalized by the maximum of the smoothed
curve Inax. As a result, the half-width can be derived
from the point where the normalized intensity equals 0.5.

To compare with numerical results, the LIF intensity
needs to be related to a flow property that is simulated,
e.g., the normalized toluene mass fraction. The intensity
of the LIF signal depends on, among others, the local
flow temperature, static pressure and the oxygen partial
pressure.?* 42 The latter strongly reduces the LIF signal
due to collisional quenching by oxygen.3® Therefore, the
signal also depends on the mixing state on the molecular
level of the injectant (oxygen-free) and the co-flow (air).
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simulations.

Assuming that the flow properties including the molec-
ular mixing state vary insignificantly normal to the flow
direction, the normalized LIF intensity profiles equal the
toluene mass fraction profiles.

We were able to demonstrate that incomplete molec-
ular mixing only appears within the first 7mm down-
stream of the injector trailing edge in one of our pre-
ceding studies?® by exploiting the oxygen-induced fluo-
rescence signal red-shift.?343 is why LIF profiles in the
very vicinity of the injector trailing edge (d < 10 mm)
are not considered in this paper. In addition, tempera-
ture and pressure variations normal to the flow direction

are evaluated from numerical results: The largest gra-
dients in vertical direction occur in the vicinity of the
nozzle throat (cf. Fig. 10c) where expansion fans inter-
act with the wake flow. Here, the maximum deviations
amount to 5% in temperature and 10% in pressure of
the corresponding mean value. Up- and downstream the
deviations are less than 2 % (temperature) and 5 % (pres-
sure) everywhere and considered negligible regarding the
fluorescence intensity.

A one-to-one comparison of normalized LIF intensity
and normalized toluene mass fraction profiles from nu-
merical simulations is given in Fig. 12. The three pro-
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FIG. 13. Normalized toluene (C7Hg) mass fraction profiles
from numerical simulation

files were extracted at 10 mm, 50 mm, and 225 mm down-
stream of the injector trailing edge. The experimental
results originate from two different measurement cam-
paigns (open and filled symbols) with different inflow
conditions #6 and #7. (The amount of tracer added to
the injectant was increased to gain better signal-to-noise
ratios.) Note that at d = 10mm experimental results
are only available for condition #7 because no data was
recorded upstream of the nozzle throat during the other
measurement campaign. Whereas the LIF profiles are,
independent of the injectant amount, very smooth and
almost Gaussian shaped, the simulated profiles exhibit
two “side peaks” enclosing the maximum at the wake
centerline that decay further downstream. As a conse-
quence, no full self-similar state of the wake is reached
within the numerical domain. This becomes more evi-
dent in Fig. 13 that illustrates normalized tracer mass
fraction profiles from numerical simulation at six posi-
tions throughout the flow channel. In contrast, all nor-
malized LIF intensity profiles approximately coincide as
visualized in Fig. 14 from the first postion (d = 10mm)
on revealing a self-similar behavior. This is in accordance
to previous findings in our labs obtained with different
setups.li)“14

Another important wake flow characteristic is its ax-
ial growth rate. Various previous studies suggest that the
half-width 6, /> of a wake is proportional to the distance d
to the wake generator d; /o o d'/?, the so-called 1/2-power
law, irrespective of whether the co-flow is subsonic®!'2,
transonic'®, or supersonic'®. The growth rate can be de-
termined from the slope of the squared wake half-width
A = \/(51/2(d1) — 61/2(d2))2/ |d1 — d2| Figure 15 de-
picts the half-widths determined from LIF intensity pro-
files throughout the test section together with numerical
results. Even though the LIF intensity profiles were aver-
aged over 200 single shots each, the experimental results
scatter in the supersonic flow region. We believe that this
is due to a combination of the following three reasons:
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First, weak oblique shocks that originate from the flange
connection between module 2 and 3 locally narrow the
mixing layer. Secondly, the flat-field images are prone to
residual misalignment because the flow channel continu-
ously shifts during the test day due to further thermal
expansion of the test facility. Thirdly, ensemble aver-
aging causes certain artifacts as high-frequency events
(= 7.5kHz) are heavily undersampled (8 Hz). Therefore,
for future experiments, a connecting module that decou-
ples the channel position from the thermal expansion of
the test facility is desired, as well as a trigger unit that
allows for phase accurate recording. Nevertheless, the
squared half width grows approximately linearly with the
distance to the trailing edge (red line) and, thus, follows
the 1/2-power law with A = 0.5 mm'/? (coefficient of de-
termination R? = 0.55). This applies to both conditions
#6 and #7 as we could not see any major differences.
The effect of the base bleed on the growth rate has been
also studied by Chun'* who increased the injection mass
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flow ratio beyond ours (table II, last two entries). How-
ever, he also did not observe any dependence. Most likely,
the injection flow rate has to be further increased to con-
siderably affect the vortex formation and, thereby, the
growth rate.

In contrast, the predicted growth rate from numerical
simulation A = 0.35 mm'/? is significantly reduced com-
pared to the experiments. This indicates again — together
with deviations in the shape of the wake profiles, in the
flow properties at the wake centerline, and in the vortex
shedding frequency (see above) — that the onset of vortex
shedding is not well predicted.

IV. DISCUSSION
A. Experimental results

To validate our experimental findings and to evalu-
ate the effect of Reynolds and Mach number variations,
our results are compared to results from preceeding ex-
periments in our labs: The very same and a similar-
ily shaped central injector have also been the object of
toluene-LIF measurements in the works of Wohler!?® and
Chun'4, respectively. Whereas the basic design of the
flow channels by Wohler and Chun was similar to ours,
the co-flow Reynolds number Re,, and Mach number
Ma,, at the point of injection, the injection mass flow
ratio 7Ny /Meo, and the Mach numbers at the nozzle
exit Mang were different as summarized in table II, to-
gether with the resulting wake growth rates. The high-
est growth rate was achieved in our measurements, the
lowest with the configuration of Chun, whereas Wohler’s
result lays in between. This suggests that the growth
rate depends above all on the free-stream Reynolds num-
ber at the point of injection since Rey is increased from
0.62 x 10° (this work) to 1.07 x 10° (Wohler’s work) and
to 1.2 x 10° (Chun’s work). The free-stream Mach num-
ber at the point of injection (compressibility effects) as
well as the maximum Mach number at the nozzle exit,
however, seem to have less significance. This also applies
to the injected gas flow rate, at least within the range
covered by these experiments. As discussed in this paper
(Fig. 6), the injected mass flow rate needs to be consid-
erably increased (beyond our experimental possibilities)
to noticeably affect the vortex formation mechanism.

We showed in one of our recent numerical studies?!
that an increase in Reynolds number results in an in-
crease in vortex shedding frequency f, while the Strouhal
number stays approximately constant and the amplitudes
of the induced fluctuations decrease. In addition, Chun'4
showed that the vortices significantly decrease in size
with increasing Reynolds number. (Unfortunately, he
was not able to analyze the growth rate of his lower
Reynolds number case because the vortices interacted
with the wall boundaries.) From this, we conclude that
the size of the vortices and the strength of the induced
fluctuations, which depend on the co-flow Reynolds num-

TABLE II. Wake growth rates under various flow conditions

Reso Maoo ThINJ/Thoo Mang A

x10° g/e mm?/2
LIF #6 0.62 0.34 0.11% 1.7 0.50
LIF #7 0.62 0.34 0.14% 1.7 0.50
CFD #7  0.62 0.34 0.14% 1.7 0.35
Wohler™ 1.07 0.72 0.17% 1.3 0.28
Chun'4 1.2 0.70 0.23% 2.1 0.17
Chun'4 1.2 0.70 0.37% 2.1 0.17

ber, primarily determine the growth rate of a subsonic,
compressible mixing layer with low-momentum injection.

B. Numerical results

This paper shows that temperature and Mach num-
ber are globally quantitatively well predicted by the 3D
URANS numerical simulation, whereas the unsteadiness
of the mixing layer involving the formation of a vortex
street is only qualitatively met. This qualifies the nu-
merical results to be used for future quantitative analy-
sis of tracer LIF measurements, which require knowledge
about the pressure and temperature field. However, the
simulation needs to be improved to gain a fundamental
understanding of the underlying flow physics.

The results indicate that the simulation fails to cor-
rectly predict the vortex formation mechanism. This is
a known issue with eddy viscosity closures**, such as the
SST turbulence model. It is generally believed that the
underlying reason for this is the assumption of (locally)
isotropic turbulence. Schmitt*® even goes further and
shows that the Boussinesq’s turbulent viscosity hypoth-
esis (Eq. 1) itself is violated within the wake of a square
cylinder.

2

Tij =21} — §k5ij7 (1)
The Boussinesq’s hypothesis is applied to the unsteady
Reynolds-averaged Navier-Stokes (URANS) equations to
approximate the Reynolds stress tensor 7;;. It assumes
that 7;; and the (compressible) shear rate tensor S;; have
the same alignment. It depends further on the turbulent
kinetic energy k (multiplied by the Kronecker delta &;;)
and the eddy viscosity v;. The latter is calculated accord-
ing to the applied eddy viscosity closure, in our case the
SST turbulence model. Schmitt demonstrates by means
of a large-eddy simulation (LES) of a square cylinder that
the alignments of the two tensors 7;; and S}; deviate by
> 45° in the region of vortex formation and within the
adjacent shear layers. Thus, the Boussinesq’s hypothesis
is not valid in these regions and URANS numerical simu-
lation is not capable to accurately study the flow physics
of an unsteady wake.

Therefore, a detached-eddy simulation (DES) of this
setup is currently in progress. Unfortunately, the results
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are not expected before next year because its mesh res-
olution and time step requirements make the DES com-
putationally very expensive. However, we have demon-
strated in this paper that 3D URANS is capable of sim-
ulating the unsteadiness of the flow and fairly meets the
measured wall static pressure, Mach number, and tem-
perature. This makes it a valuable and affordable tool
for future case studies, whereas DES is only reasonable
for single point investigations.

V. CONCLUSIONS

The mixing layer of a wing-shaped central injector in
a compressible accelerated nozzle flow has been inves-
tigated experimentally and numerically. Different op-
tical measurement techniques were applied to visualize
the flow structures and to measure the vortex shedding
frequency, the Mach number and temperature, and the
injectant distribution. As a result, a profound data set
was collected that can be used for the validation of nu-
merical results. A comparison between these data and
3D URANS simulation using the SST turbulence model
revealed that our simulations fail to correctly predict the
onset of vortex shedding: Both the shedding frequency
and the mixing layer growth rate differ by about —14 %.
In addition, no full self-similar state of the mixing layer
is reached within the numerical domain, whereas the in-
tensity profiles recorded with laser-induced fluorescence
(LIF) indicate that the mixing layer starts growing self-
similarly from only d ~ 10 mm downstream of the trail-
ing edge. These differences may be attributed to a vi-
olation of the Boussinesq’s hypothesis in the region of
vortex formation.*® Nevertheless, the numerical results
show overall good agreement (+5% for d > 10mm) re-
garding the Mach number and temperature distribution
within the nozzle measured with laser-induced thermal
acoustics (LITA). Therefore, the numerical data may be
used for future quantitative analysis of complementary
LIF measurements, which require knowledge of the pres-
sure and temperature field.

Further, the mixing layer growth rate was compared to
literature data'®14 that were obtained previously in our
lab with similar setups but at different (transonic) flow
conditions. From this we conclude that the growth rate
primarily depends on the free-stream Reynolds number
at the point of injection, whereas compressibility effects
and the base bleed are negligible within the considered
ranges (table II).
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