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Abstract

The turbulent boundary layer behavior in the presence of flame-wall interactions (FWI) has an important role
on the mass and energy transfer at the gas/solid interface. Detailed experiments resolving the turbulent
boundary layer evolution in the presence of FWI are lacking, which impedes knowledge. This work presents
a combination of particle image velocimetry (flow field), dual-pump coherent anti-Stokes Raman spectroscopy
(gas temperature), and OH laser induced fluorescence (flame topology) measurements to study the evolution
of the boundary layer structure in the presence of FWI. Experiments are conducted in a side-wall quenching
(SWQ) burner. Findings reveal that the reacting boundary layer flow adheres to the linear scaling law ut =
y™ in the viscous sublayer until y* = 5. Beyond y* = 5, the flame modifies the velocity and temperature field
such that the u; streamwise velocity deviates from the viscous sublayer and the law-of-the-wall scaling in the
log-layer with u} being smaller than that of the non-reacting flow (the subscript z refers to the streamwise
coordinate and is used throughout this manuscript). As the fluid approaches the flame impingement location
at the wall, the gas temperature increases significantly, causing a threefold increase in kinematic viscosity, v.
Although the near-wall streamwise velocity gradient d(U,)/dyl|,-omm decreases, the larger increase in
vreduces u; and leads to the deviation from the law-of-the-wall. Downstream the flame impingement
location, v is relatively constant and u; values begin to approach those of the law-of-the-wall. Trends are
presented for SWQ and head-on quenching flame topologies, and are intended to help development of more
accurate wall models.

This manuscript version 1s made available under the CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/.

Novelty and Significance: This work reports experimental measurements resolving the evolution of the
turbulent hydrodynamic boundary in the presence of flame-wall interaction. The flame plays a significant
role in modifying the turbulent boundary layer structure, as it modifies the fluid mechanics as well as the gas
properties of the fluid. The energy transfer through the boundary layer is dependent on the fluid transport in
the boundary layer. Experimental findings resolving the boundary layer behavior in the presence of FWI is
largely absent in the literature. This work aims to fill this void, and provide useful information to the
modelling community.
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1. Introduction

The quenching of a flame front as it interacts with a cold surface is an inherent phenomenon within most
propulsion and power systems. This phenomenon, commonly referred to as flame-wall interaction (FWI),
governs fuel efficiency, pollutant formation, and underpins the cooling processes required for surface
durability [1,2]. As modern combustors are downsized and made to operate at higher energy densities to reach
higher efficiencies and reduce carbon emissions, a larger percentage of the combustion processes will occur
near surfaces for which FWI will be more significant.

During FWI, as the flame approaches the wall it interacts with the hydrodynamic boundary layer. In technically
relevant environments, such as gas turbines or piston engines, a furbulent boundary layer exists at surfaces [3-
6]. The dynamic coupling between the flame, wall, and flow modifies the mass and energy transfer at the
gas/wall interface, which significantly affects the fundamental FWI behavior [7-10]. FWI in turbulent
boundary layers has consequently become a prominent topic in combustion science. A significant amount of
research has been dedicated to FWI in turbulent boundary layers to study the near-wall flame behavior
[6,10,11], wall heat transfer [12-15], flame quenching [16-19], pollution formation and oxidation [20-23],
intrinsic flame/flow interactions [5,7,9,24], and to develop more accurate numerical models for FWI
simulations [25-30]. The aforementioned knowledge base has been generated from generic laboratory scale
FWI environments, which have been investigated numerically using advanced numerical simulations, as well
as experimentally using a range of sophisticated laser diagnostics.

A topic in FWI that has been investigated in less detail is the fundamental turbulent boundary layer
development in the presence of FWI. Understanding the boundary layer structure is necessary to resolve the
mass and energy transfer at the gas/wall boundary. The turbulent boundary layer structure is typically evaluated
using dimensionless parameters. Thus, the ensemble mean streamwise velocity component ((U)) and wall-
normal distance coordinate (y) are normalized as follows [31-32]:

ut = (U,)/u, (1)
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In the above equations, v is the kinematic viscosity of the fluid at the wall and u; is referred to as the friction
velocity:
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The subscript “z” used in Egs. (1) and (3) refers to the streamwise velocity. The turbulent boundary layer is
commonly delineated into different regions. The viscous sublayer is closest to the wall with y* <5 and
governed by viscous forces. The log-layer is farther from the wall with y* > 30 and governed by inertial
forces, i.e., the turbulent Reynolds stresses. The buffer layer lies between the viscous sublayer and log-layer
and is governed by both viscous and inertial forces. The velocity behavior in the viscous sublayer often
accurately follows the relation:

=y* “)

There is often no defined velocity relationship in the buffer layer, while the log-layer is commonly defined by
the “law-of-the-wall” model [31-32]:

wto*) = () + B ©

The parameters x and B are empirically determined constants, which most often take the value of 0.41 and 5.2,
respectively. Most wall-models within computational fluid dynamic (CFD) simulations employ some form of
the law-of-the-wall [1,31,32]. Wall models within CFD simulations are used to predict the mass and heat
transfer at gas/solid interfaces. For turbulent flows deviating from canonical flow environments, heat transfer
is often poorly predicted at surfaces. Experimental measurements are often required to tune model constants



to obtain agreement of global thermodynamic quantities between experiments and simulations. Indeed, FWI
in turbulent boundary layers is a unique environment, for which the flame dynamics modifies the near-wall
flow field [5,7,9,10,24,33]. As a result, the wall heat flux and the consequential FWI processes are often
difficult to predict accurately and less well understood in CFD.

A thorough evaluation of the turbulent boundary layer with FWI is limited within the literature. Alshaalan and
Rutland performed direct numerical simulations (DNS) of a turbulent premixed flame within a Couette channel
flow assuming a simplified, single-step reaction mechanism [7]. Their flame was anchored by a flame holder,
yielding a V-shaped flame where one branch of the flame interacted with the wall. This configuration is often
known as a side-wall quenching (SWQ) configuration, where the flame propagates parallel or at an oblique
angle with the wall. Alshaalan and Rutland demonstrated that u* velocity profiles of the reacting flow deviated
significantly from those of the equivalent non-reacting flow [7]. The flame modified the streamwise velocity
and shear stress at the wall, contributing to the deviation from the non-reacting flow boundary layer profile. In
addition, they argued that the flame introduces additional turbulent transport mechanisms, which further
modify the reacting boundary layer velocity behavior.

The DNS of Alshaalan and Rutland provide a first insight into the boundary layer behavior associated with
FWI. Since that time, several DNS studies have investigated various attributes of the flame-wall-flow
dynamics, but the fundamental boundary layer structure associated with FWI has been overlooked. Moreover,
while DNS is a powerful tool that fully resolves the flow field and many other properties, DNS often employs
simplifying assumptions (e.g., constant fluid properties, isothermal or adiabatic surfaces, single-step
chemistry), which deviate from reality. It is therefore important to complement DNS and other high-fidelity
simulations with experimental measurements that directly measure the flame-wall-flow dynamics. Although
experiments are more limited in the spatial domain and the number of variables measured, they provide the
necessary insight to understand the genuine boundary layer behavior associated with the FWI dynamics.

This work presents high-resolution particle image velocimetry (PIV) performed simultaneously with OH laser
induced fluorescence (OH-LIF) to study the evolution of a turbulent boundary layer in the presence of FWI.
Measurements are performed in a dedicated SWQ burner, comprised of a premixed V-flame with one flame
branch impinging onto a vertical wall. To provide a reasonable measure of the fluid viscosity for proper
normalization of y*and u™ during FWI, complementary experiments utilizing dual-pump coherent anti-Stokes
Raman spectroscopy (DP-CARS) are conducted to measure gas temperature simultaneously with OH-LIF
under identical operating conditions as PIV/OH-LIF experiments. The OH-LIF in both experiments provides
the means to conditionally sample the velocity field and gas temperature relative to a common flame quenching
location and flame topology. This approach provides access to conditionally averaged velocity and gas
temperature statistics to evaluate the inner scaling variables contributing to the large deviation of the u*t,y*
boundary layer structure relative to the non-reacting case. Findings are presented for both SWQ- and head-on
quenching (HOQ) flame topologies, which the turbulent flame temporally alternates between in the SWQ
burner [22]. Findings reveal that the flame increases velocity derived quantities at the wall primarily due to
thermal expansion, but an equally large, if not larger, contributor to the change in u* results from the spatially
variant gas temperature, which modifies the viscosity derived inner scaling quantities.

2. Experimental Approach
2.1. Burner Facility and Operation

Experiments were conducted in a side-wall quenching (SWQ) burner, which is shown in Fig. 1a. This burner
is an established experimental facility that has been studied extensively for FWI investigations
[11,20,22,24,25,34]. Details of the SWQ burner can be found in the aforementioned references, while the
details relevant for this work are discussed below.

The main flow of the burner is operated with a perfectly premixed mixture of dimethyl ether (DME)-air with
equivalence ratio @ = 0.83. This operation condition was selected to match the large experimental database of
previous studies [11,20,22,24,25,34]. The mixture passed through a honeycomb and meshes for flow
homogenization before it was guided through a converging nozzle. The flow exiting the nozzle (40 X 40 mm?
square cross section) featured a nearly top-hat shaped streamwise velocity profile. A turbulence grid was



placed before the nozzle exit, which generated a turbulence intensity of ~7.2% in the bulk flow [34]. The
Reynolds number of the main flow was 5900, based on the nozzle exit hydraulic diameter. The main flow was
ignited and stabilized as a V-shaped flame on a ceramic rod with 1-mm diameter, which served as a flame
holder. One branch of the V-flame impinged onto the vertical wall, where the flame locally quenched. The
wall material is comprised of stainless steel and was water cooled to give a surface temperature of 330 K. A
co-flow of air surrounded the main flow, and the burner was operated under atmospheric conditions.

(a) flow/burner facility (b) laser diagnostics
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Fig. 1: Schematic of (a) the SWQ burner facility and (b) the applied diagnostics. Diagnostics shown in grey depict OH-
LIF and PIV. Diagnostics shown in orange depict DP-CARS measurements. Numbers without units indicate dimensions
in mm.

2.2 Laser Diagnostics

Two sets of experiments utilizing complementary diagnostics were performed to study the turbulent boundary
layer in the presence of FWI. The first experiment consisted of high-resolution particle image velocimetry
(PIV) and laser induced fluorescence of OH radicals (OH-LIF) to measure the velocity field and the flame
distribution simultaneously. The second set of experiments utilized dual-pump coherent anti-Stokes Raman
spectroscopy (DP-CARS) and OH-LIF to measure the gas temperature and flame distribution simultaneously.
DP-CARS was additionally used to measure CO, alongside CO-LIF measurements for near-wall
thermochemistry studies, which are reported in refs [21,22,34]. The DP-CARS and OH-LIF experiments
provide a measure of the fluid viscosity, which is a function of the gas temperature, and is necessary for the
calculation of the non-dimensional boundary layer variables (Eq. 1-3). The OH-LIF in both experiments
provided the means to conditionally average the velocity and temperature distributions based on the flame
quenching location and flame topology. This aspect enabled the use of both velocity and temperature
information as a coherent dataset from the two experimental campaigns. A description of each experimental
setup and data processing is provided below.



2.2.1 PIV and OH-LIF

PIV and OH-LIF were used to measure the two dimensional (2D), two component velocity field (u, and u,)
and the 2D flame front distribution. These diagnostics were temporally synchronized and spatially matched at
center plane of the wall. The lasers operated at 4 kHz repetition rate, but the detection systems operated at a
50 Hz recording rate to provide statistically independent measurements. A total of 2000 simultaneous PIV and
OH-LIF images were acquired. A schematic of the combined diagnostics is shown in Fig. 1b, while a
description of the setup is provided below.

For PIV, two frequency-doubled Nd:YAG lasers (Edgewave GmbH, Innoslab, IS 161I-E, 532 nm) were used
to provide two laser pulses separated by At = 10 ps. The laser pulses were combined and energy controlled
using half-wave plates and a polarizing beam splitter. A pair of cylindrical lenses (—30 mm and +250 mm focal
lengths) and a slit aperture were used to form laser beams with homogenous intensity. A periscope was used
to deflect the beams above the SWQ burner, where both pulses were formed into light sheets using a +700 mm
cylindrical lens. The laser sheets were deflected downward towards the burner using a fused silica prism. The
laser sheets impacted the SWQ wall at a very shallow angle to minimize reflections, while still illuminating
PIV particles at the wall. The light sheets had a thickness of ~250 um (1/e*-bounds), height of 12 mm, and
laser pulse energy of 225 — 390 pJ/pulse within the PIV region of interest (ROI). Water-cooled heat shields
protected the optics and beam path above the burner from seeding contamination, thermal damage, and beam
steering. A fused silica glass plate was secured onto the heat shield and a nitrogen flow was used to mitigate
thermal damage and seeding contamination [11] (see Fig. 1b).

Alumina particles (Al,O3, MSE Supplies LLC, 300 nm nominal diameter) were used as PIV tracers. These
particles were introduced by a customized vibrational bed seeder [34] and introduced into the air stream before
the air mixed with the fuel. Mie-scattering images were recorded by a high-speed CMOS camera (Vision
Research Inc., Phantom v2640) operating in double-frame mode. The camera was equipped with a 180 mm
objective lens (Sigma, APO Macro DG HSM D, f/11) and 180 mm long extension rings for high magnification
of ~2.25. A bandpass filter (Edmund optics Inc., 525 nm center wavelength, 50 nm FWHM) was used to
suppress flame luminosity in PIV images and a nitrogen-purged heat shield was used to reduce the thermal
load from the V-flame to the lens. A Scheimpflug arrangement with respect to the x-axis (5° for objective lens,
8° for camera) minimized vignetting at the wall, while providing focused particle images [35]. The camera
provided a ROI of 10.6 mm x 10.9 mm (Ay x Az) with one camera pixel (13.5 pm) corresponding to physical
dimension of 5.9 um in the ROL.

PIV vector calculation was performed using the commercial software DaVis 10.0.5 (LaVision GmbH). Image
preprocessing steps included a minimum background subtraction, a non-linear min-max filter with 9 pixels
width for intensity normalization, and a 3 x 3 Gaussian smoothing filter. Preprocessed images were cross-
correlated with decreasing window multi-pass iterations from 48 x 48 to 16 x 16 interrogation window size
with 75% overlap. The PIV images had a vector spacing of 23.5 um and spatial resolution of 94 um depicted
by the final interrogation window size. An anisotropic denoising filter was used for PIV processing. Vector
post-processing was applied to exclude vectors with correlation values < 0.9, and groups with less than 5
vectors were removed. The uncertainty in PIV measurements resulting from these high correlation values is
estimated to be 3-4% based on the PIV literature [36-38]. Further details of the PIV measurements can be
found in [34].

For OH-LIF, a frequency-doubled high-speed dye laser (Sirah Lasertechnik GmbH, Allegro, Rhodamine R590
dye) pumped by a frequency-doubled Nd: Y AG laser (Edgewave GmbH, Innoslab, IS 8II-E) was tuned to 283.1
nm to excite the Q;(6) transition of OH. Spherical lenses (—40 mm and +200 mm focal lengths) and an aperture
were used to provide a homogenous laser beam intensity. A +500 mm cylindrical lens was used to create a
light sheet, which was introduced to the ROI at an inclined angle of = 25° (see Fig. 1b). In the ROI, the light
sheet was 450 um in thickness (1/e>-bounds) and 35 mm in height, with an average laser pulse energy of 250
wJ/pulse. The OH-LIF laser was synchronized in between the two PIV pulses.



The OH-LIF signal was acquired by a scientific high-speed CMOS camera (Photron, Fastcam SA-X2 480K,
5 ps exposure) coupled to a high-speed image intensifier (LaVision GmbH, HS-IRO, 100 ns gate). The HS-
IRO was equipped with a 150 mm UV lens (B. Halle Nachfl. GmbH, f/2.5) and bandpass interference filter
(Laser Components, BP300-325). The detection system was inclined at a 10° angle with the horizontal x-axis
for space considerations. The detection system provided an OH-LIF ROI of 23.1 mm x 23.6 mm (Ay x Az)
with a single camera pixel corresponding to 22.5 um physical distance.

OH-LIF processing was performed in MATLAB. Image preprocessing included laser beam profile correction
and filtering in Fourier space to remove residual patterns of the beam profile. A 21 x 21 moving average filter
was used to further suppress spatial noise. For each OH-LIF image, the local 2D gradient magnitude was
calculated and the maximum gradient magnitude in the y-direction for each z-location was used to identify the
flame front location. The gradient magnitude image was normalized [0 to 1] and the location where the
normalized gradient on the flame front decreased below 0.15 was used to identify the quenching location [34].

2.2.2 DP-CARS and OH-LIF

The OH-LIF used in the second campaign is functionally similar to that described in Sect. 2.2.1. The major
differences between the two campaigns are that the dye laser was tuned to 283.93 nm to excite the Q.(9)
transition of OH, a CCD camera (LaVision GmbH, Imger E-Lite 1.4 M) coupled to an IRO was used to record
OH-LIF, and the measurements were recorded at 10 Hz. Minor differences in the optics and laser beam paths
from those described in Sect. 2.2.1 also existed. These minor differences are not reported for brevity, but can
be found in [21,34].

The DP-CARS setup was originally designed for near-wall thermochemistry studies in FWI environments,
where the dual-pump methodology was employed to measure gas temperature and CO; simultaneously [21].
Only the gas temperature measurements are described here, while additional details are found in [21,34]. The
relevant parts of the DP-CARS setup are colored orange in Fig. 1b. The DP-CARS approach followed that of
Lucht et al. [39] to probe ro-vibrational transitions of N> and CO, molecules using three laser wavelengths 1,
to A3. Two frequency-doubled Nd:YAG lasers (Spectra-Physics PIV 400, 10 Hz, 5-8 ns pulse width) were
used as pumping sources. The first Nd:YAG laser was split into two beam paths. The first beam path served
as the pump at 1; = 532 nm. The second beam path was used to pump a custom built broad-band, modeless
Stokes laser. This laser operated with a dye mixture of Rhodamine 610 and 640 resulting in a spectral profile
centered around A; = 607 nm with =~ 8§ nm FWHM. The second Nd:YAG laser pumped a narrow-band dye
laser (Radiant Dyes Laser & Accessories GmbH, NarrowScan) operating with Rhodamine 590 dye to provide
A, = 561.7 nm. All three beams were energy-controlled, divergence-corrected by spherical telescopes, and
included delay lines. The beams were overlapped in a planar BOXCARS arrangement and focused into the
ROI using a spherical lens (+300 mm). Average pulse energies for A,/1,/1; were 25/24/13 mJ in the ROI,
respectively. The DP-CARS probe volume size was estimated to be (Ax, Ay, Az) = (2.4 mm, 67 um, 54 pum).

The DP-CARS signal spectrum around A, = 496 nm was collected by a spherical lens (+300 mm) and
separated from the spatially overlapping 4, radiation using three lowpass dichroic mirrors (Thorlabs Inc.,
DMLP550L, 90% transmission of 4,). The 4, signal polarization was optimized and passed through three
filters: (1) a notch filter to suppress scattering at 1., (2) a shortpass filter to remove A, residuals (Thorlabs Inc.,
FESHO0550, cutoff wavelength 550 nm), and (3) optional neutral density filters to adjust the temperature-
dependent DP-CARS signal intensity between fresh gas and burned gas regions. The signal was focused into
a 1-m spectrometer (SPEX Industries Inc., 1704, 2400 lines/mm grating) by a +100 mm spherical lens and
recorded by a cooled, backside-illuminated CCD camera (Princeton Instruments, Pixis 400, 1 ms exposure).
Non-resonant DP-CARS spectra were recorded in pure argon gas to correct for the profile of the Stokes laser.

A spectral fitting algorithm [40] was used to process gas temperature from the DP-CARS spectra. The raw
spectra were corrected by a mean background subtraction and normalized by the non-resonant background.
The square root of the corrected spectra was taken, and a dispersion calibration was used to designate
wavenumbers of the spectrum. This procedure was applied to single-shot spectra, providing single-shot gas
temperature measurements. The accuracy and precision of the DP-CARS temperature is assessed using the



unbounded branch of the V-flame as an adiabatic reference case as detailed in [21,34]. A conservative estimate
of the accuracy is reported as 3%, while the precision is reported as 4%. Further details of the DP-CARS
processing are described in [21,22,34].

The objective of DP-CARS was to measure gas temperatures at fixed wall-normal distances as well as various
z-locations relative to the flame quenching height. To meet this objective, the DP-CARS probe volume was
positioned at a single z-location (z = 48 mm above the nozzle exit) where FWI occurred on average. The DP-
CARS probe volume was placed at y = 120 pm from the wall. Measurements were performed at discrete wall
normal locations by translating the SWQ burner in increments of 100 pm from y = 120 pm to y = 1 mm;
additional measurements were performed at y = 1.5 mm, 2 mm, and 4 mm. At y-locations less than 1.5 mm,
7500 DP-CARS measurements were recorded, while at y-locations greater than 1.5 mm, 1000 DP-CARS
measurements were recorded alongside OH-LIF. As documented in Zentgraf et al. [22], the turbulent flow
creates a quasi-periodically flapping motion of the flame. This flapping motion provided a range of flame
quenching heights relative to the probe volume at its fixed z-location. Thus, it was not necessary to perform
DP-CARS measurements at several z-locations.

3. Flame topology

As mentioned, the turbulent flame operation in the SWQ-burner exhibits a quasi-periodic flapping motion,
where the flame transitions between a HOQ-like and SWQ-like configuration [22]. Figure 2 shows examples
of these flame topologies within individual OH-LIF images. A SWQ topology exists when the flame impacts
the wall at a shallow angle and the flame propagates nearly parallel to the surface. The HOQ topology exists
when a significant portion of the flame is parallel to the wall and propagates normal to the surface. Zentgraf et
al. demonstrated that under turbulent operation in the SWQ burner, the flame alternates between HOQ and
SWQ on the order of 5 ms or less [22]. With a recording rate of 50 Hz and 10 Hz, it was ensured that several
quenching events would occur between successive measurements to provide statistically independent
measurements.
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Fig. 2: Individual OH-LIF images depicting SWQ and HOQ flame topologies. Red crosses indicate the farthest

downstream flame location identified as the quenching location. Blue squares indicate the location of the wall-parallel

flame section in HOQ topologies.

The flame topology at the wall is anticipated to influence the turbulent boundary layer development. Therefore,
in this work the turbulent boundary layer analyses are conditioned in relation to SWQ and HOQ topologies.
To classify the flame topology for each instantaneous measurement, the quenching point was first identified
as described in Sect. 2.2.1. Subsequently, the flame front was analyzed upstream of the quenching point to
distinguish between SWQ and HOQ topologies. If flame locations upstream the quenching point are farther



away from the wall than the quenching point, then the flame topology is classified as SWQ. In contrast, if
flame locations are closer to the wall than the farthest downstream quenching point and exhibited a flame
section parallel to the wall, the flame topology is identified as HOQ. Within the experiments performed in this
work, approximately 43.4% of the flame topologies in the OH-LIF images were classified as SWQ (868
samples) and 56.6% were identified as HOQ (1132 samples).

All measurements in this work were categorized as either SWQ or HOQ. The measurements were then
conditioned relative to the flame quenching height for SWQ cases (red cross in Fig. 2a), and the farthest
upstream wall-parallel flame location for HOQ cases (lower blue square in Fig. 2b). This procedure provided
the means to analyze velocity and temperature statistics relative to important flame features in the SWQ and
HOQ cases, and is adopted throughout the reacting flow datasets presented in this work.

4. Results and Discussion
4.1 Non-Reacting Reference Case

Velocimetry measurements of the non-reacting boundary layer flow within the SWQ flow facility are used as
a reference case to benchmark the boundary layer measurements performed under reacting conditions. For the
non-reacting flow operation, the SWQ burner operated with the same fuel/air flow rates through the burner.
The ensemble average non-reacting velocity field is shown in Fig. 3a. The center of the field-of-view (FOV)
is located z = 48 mm above the nozzle exit, where FWI occurs under reacting flow conditions. The z-locations
shown in Fig. 3a are relative to the z = 48 mm location. The wall-normal boundary layer profile, normalized
by the inner variable to yield u}, y* components, is shown in Fig. 3b. In this work, the subscript “z” is used
to indicate the z (streamwise) direction. This velocity profile is extracted from the ensemble averaged velocity
field and is spatially averaged over a z = 0 = 130 um location (see Fig. 3a) comprising of 11 vectors in the z-
direction. The variable y*, shown in Fig. 3b, is calculated at ambient conditions (1 bar and 20°C; v =1.516X10
> m?/s) from [41].
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Fig. 3: Non-reacting reference case. (a) 2D streamwise velocity (U,) with the physical streamwise locations of y* = 5
(dotted black line) and y* = 10 (solid black line) shown. (b) u;, y* profile spatially averaged over a z=0= 130 um
region (see gray horizontal lines in (a)). Statistics are composed from 300 PIV images.

The u} profile shown in Fig. 3b shows strong agreement within the linear-law in the viscous sublayer
(uf = y*). For these high-resolution PIV measurements, approximately 20 data points exist within the viscous
sublayer (y* < 5). The u;} profile also shows good agreement within the log-layer, for which the long-dashed
line in the log-layer is represented by Eq. 5. At y ™= 60, which is approximately y = 5.6 mm, the u; profile
begins deviates from the log-law due to the wake region of the ceramic rod acting as a flame holder in the
SWQ burner. The core of the wake region is located at y =9 — 10 mm.

The physical locations of y* = 5 and 10 are shown along the streamwise distance as dotted and solid black
lines within the velocity field in Fig. 3a. The physical locations of these y* values are constant in the
streamwise direction with y*= 5 corresponding to y = 465 um and y*=10 corresponding to y = 935 um. The
constant location of the y T values indicate that the turbulent boundary layer is not growing significantly within
the 8 mm streamwise distance at this z-location (48 mm above the nozzle exit) under the turbulent conditions
employed. Further details of the non-reacting boundary layer in the SWQ facility are described in [34,42].



4.2 Reacting boundary layer
4.2.1 Ensemble-average stream-wise flow field

Figure 4 shows the (U,) flow fields conditioned by the SWQ and HOQ flame topologies. The z = 0 mm
position represents the quenching location for SWQ cases, while z = 0 mm represents the farthest upstream
wall-parallel flame front location for the HOQ cases. Similar to Fig. 3a, the y* =5 and 10 isolines are shown
as a function of streamwise distance. The red dashed line represents the ensemble averaged flame location
when flame contours are conditionally averaged at the z = 0 mm location. This represents the flame brush
centroid in the y-direction for each z-location. 2D temperature and viscosity fields are also shown in Fig. 4.
The average temperature field is derived from DP-CARS measurements. The single-shot temperature data was
interpolated onto a grid that corresponded to the PIV grid. The kinematic viscosity field is calculated from gas
temperature field using tabulated air viscosity values reported in [41].
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Fig. 4: (a,d) Streamwise (U,) velocity, (b,e) temperature, and (c,f) viscosity fields associated with SWQ and HOQ
cases. Black dotted lines and black solid lines depict physical locations of y* = 5 and y* = 10, respectively. Red
dashed line depicts flame brush centroid.

The (U,) flow fields presented in Fig. 4 exhibit appreciable differences from the non-reacting boundary layer
flow field shown in Fig. 3a. In particular, (U,) velocity magnitudes are appreciably higher for the reacting
boundary layer flow field shown in Fig. 4. Higher velocities are a result of gas expansion across the flame
front, which accelerates the fluid and, in the process, entrains fresh gas into the flame. As the flame approaches
the wall, the flame imparts higher (U,) velocity magnitudes closer to the wall particularly in the region from -
2 <z <0 mm. For SWQ cases, (U,) as large as 3 m/s are imposed as close as y = 820 um, which is inside the
y* =10 isoline. The mean flame brush location for SWQ cases also penetrates past y* = 10, but stops at y =
840 pum, which is just short of the viscous sublayer at y* = 5. For the HOQ case, (U,) in excess of 3 m/s do
not penetrate as close to the wall as in the SWQ case. However, for the HOQ case, the mean flame brush
location is shown to penetrate within y* = 5 and reaches as close as y = 650 um from the wall. As described
in the literature [2,16,43], the quenching distance is lower for HOQ flames, which is argued to be the reason
why HOQ cases penetrate farther into the viscous sublayer than SWQ cases. For comparison, the non-reacting
boundary layer flow exhibits (U,) velocity magnitudes up to 1.5 m/s at y* = 10, which is approximately half
the velocity magnitude of the reacting flow at this location.

Downstream of the z = 0 mm location, the fluid at the wall expands due to an increase in temperature.
Consequently, a burned gas boundary layer develops downstream from z = 0 mm in both the SWQ and HOQ
cases. This burned gas boundary layer is similar to that qualitatively described by Jainski et al. [24]. In the



burned gas layer, lower (U,) velocity magnitudes extend outwards from the wall. The y* = 5 and 10 isolines
are shown to extend farther away from the wall and into higher (U,) velocity magnitudes in the burned gas
boundary layer. These features suggest a mildly growing burned gas boundary layer above z = 0 mm.

4.2.2 Evaluation of inner scaling parameters

In this work, the non-dimensional boundary layer variables u},y* are computed to evaluate the reacting
turbulent boundary layer structure. Before evaluating the non-dimensional variables, it is important to
understand how individual variables embedded within u;, y™ are affected by the quenching flame. Therefore,
Fig. 5 evaluates the streamwise quantities of (a) mean gas-phase temperature, (b) mean kinematic viscosity, v,
(c) mean streamwise velocity (U,) at y = 120 pm, (d) mean velocity gradient d{(U,)/dy, and (e) friction
velocity u; , for the SWQ flame topology at selected y-locations. Figure 5f shows the 2D streamwise velocity
field (U, ), including the y* = 5, 10 isolines and the mean flame location as shown in Fig. 4.
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Fig. 5: Streamwise values of key parameters associated with non-dimensional boundary layer variables u}, y* for SWQ
cases. Statistical information: 2655 samples for temperature-related quantities (a,b) and 868 samples for velocity-related
quantities (c-f).

The temperature and viscosity profiles in Fig. 5a,b are shown at selected physical distances from the wall. The
location of y = 120 pm denotes the DP-CARS measurement location closest to the wall. Measurements at y =
120 pm are used to determine viscosity to calculate y* and u, , (see Eq. 2 and 3). The red data points shown
in Fig. 5a are individual DP-CARS temperature measurements at y = 120 um. The scatter in the data is low
for z < 1 mm, but increases near the quenching height and farther downstream. The large scatter beyond z > 1
mm can occur due to (1) variances in the quenching distance (Ay), (2) thermal mixing between hot products /
fresh gas in each individual measurement, or (3) beam steering in the DP-CARS measurements. Thermal
mixing is expected downstream of the quenching height, but it has also been reported that hot products can be
transported into the fresh gas ahead of the quenching height [22,23], which would induce the scatter below z
= 0 mm. The temperature and viscosity profiles shown at y = 320 um wall distance are given to inform the
reader of how quickly gas temperature changes spatially within the reacting near-wall environment. It should
be emphasized that the boundary of the viscous sublayer at y*= 5 is no less than y = 465 um within the FOV.



Thus, values reported for the y = 120 pm and 320 pm locations fall within the viscous sublayer region of the
boundary layer.

The near-wall velocity behaves linearly in the viscous sublayer, such that its velocity gradient is constant:

d(U;)/dyl,+<5s = constant (6)

The streamwise velocity gradient was approximated by applying a linear fit to the velocity values within the
viscous sublayer at each streamwise location, which is explained in further detail in [34]. The local
d(U,)/dy value is used to calculate u, , as a function of streamwise distance.

The profiles shown in Fig. 5 are evaluated in three regions relative to the quenching height. The first region
(region 1) refers to streamwise locations from -4 < z < -2 mm, where the flame is relatively parallel to the wall
and far enough away from the wall that the gas temperature and viscosity are less affected by the flame and
are relatively constant. The streamwise velocity closest to the wall increases linearly from -4 < z < -2 mm,
reaching a near maximum of 1.4 m/s at z = -2 mm as shown in Fig. 5c. The increase in (U,) occurs as the flame
approaches the wall and increases the velocity of the unburned gas between the flame and wall. The streamwise
velocity gradient at the wall shows an equally steady increase as a result of (U,) increasing. As a result,
U , exhibits a linear increase within the unburned region from -4 <z <-2 mm.

The second region (region 2) corresponds to -2 < z < 0 mm, where the flame brush approaches the wall, leading
to a substantial increase in gas temperature. As a result, v increases from 2x107 to 6x10 m%/s at the y = 120
um location. As the flame approaches the wall, (U,) reaches a maximum value of 1.4 m/s, which persists until
zZ ~ -1 mm. From -1 <z <0 mm, (U,) at y = 120 um decreases significantly to 0.8 m/s, which is lower than
the initial (U,) velocity of 1.0 m/s at z = -4 mm. The decrease in (U,) is likely due to the increase in v of the
unburned gas. The trend of d(U,)/dy at the wall mimics that of (U,). The trend of u,, results from the
competing effects between v and d(U,)/dy. Figure 5e shows that u,, continues to increase linearly by
approximately 30% in region 2 as the fluid approaches the quenching location. This increase is a direct result
of kinematic viscosity increasing more substantially than the decrease in d(U,)/dy (v increases by 300%,
while d(U,)/dy decreases by ~25%).

The final region (region 3) corresponds to the region directly downstream of the quenching location from 0 <
z <4 mm, where a burned gas boundary layer develops. Downstream z = 0 mm, Figs. 5a,b show that gas
temperature and viscosity stabilize and are approximately constant in region 3. The (U,) velocity at y = 120
pum are shown to decrease steadily by 55% in the streamwise direction in region 3. The lower (U,) velocities
in region 3 is attributed to the increased viscosity within the viscous sublayer as well as thermal expansion of
the sublayer fluid, which shifts streamlines away from the wall. The decreasing trend of d(U,)/dy in Fig. 5d
emulates that of (U,) in region 3. Larger fluctuations in d(U,)/dy occur due to lower signal-to-noise levels at
the wall in burned gas regions. Values of u; , in region 3 are shown to decrease due to near constant values of
v and decreasing d(U,)/dy values. u, , values exhibit similar fluctuations as shown for d(U,)/dy due to the
lower signal quality at the wall in the burned gas.

The profiles shown in Fig. 5a-e also describe the evolution of y* as a function of streamwise distance.
Although both v and u, , vary as a function of z, the changes in viscosity are far greater than that of friction
velocity. As such, the streamwise trend of y* adheres more to the streamwise increase in v due to the increase
in temperature. The aforementioned trends demonstrate that the reacting turbulent boundary layer environment
has additional complexity over the non-reacting turbulent boundary layers, with gas temperature having a
significant role in the boundary layer fluid mechanics.

Figure 6 evaluates the same inner scaling parameters as a function of streamwise location, but now for HOQ
flame topologies. With regards to streamwise quantities, one of the leading differences between HOQ and
SWQ topologies is that HOQ has significantly greater variability in the measured near-wall gas temperature
as depicted by the scatter in the datapoints shown in Fig. 6a. The larger scatter in gas temperature measurements
is due to the strong variability of the local flame location relative to the wall. This aspect is more severe for
HOQ than for SWQ flame topologies. For the HOQ flame topologies, the formation of the wall-parallel flame
section can exist as far as 1 mm from the wall as the flame first approaches the wall, or as close as 350 um
from the wall when the HOQ flame quenches. With a measurement location of y = 120 um, the measurement



can either sample gas far from or close to the flame, which explains the large temperature variation above z =
-1 mm in Fig. 6a. The high temperature in excess of 600 K shown below z < -1 mm occurs when the HOQ
flame exhibits mild curvature, for which the flame upstream the wall-parallel flame location is in close
proximity to the wall, sometimes only 100 pm further away from the wall than the wall-parallel flame segment.

The larger temperature scatter for HOQ cases creates a weaker perceived temperature gradient in the ensemble-
average temperature profile shown in Fig. 6a. The average gas temperature increases mildly from -4 <z <-1
mm and then shows a sharper increase in temperature from — 1 < z < 1 mm. Downstream z > 1 mm, the
temperature profile plateaus to a temperature similar to the SWQ topology. The average viscosity profile
emulates that of the average temperature profile. Although v increases by nearly the same amount over the -4
< z <4 mm distance for the HOQ and SWQ cases, the increase in v occurs over a larger distance for HOQ.
For example, at y = 120 pm v increases from 2x107° to 3.5x10"° m?%/s in region 1 (-4 <z <2 mm), and increases
to 5.5x10” m?/s in region 2 (-2 < z < 0 mm) for HOQ. This is in sharp contrast to SWQ, where an increase in
v from 2x107 to 6x10° m?%s at y = 120 pum solely occurs in region 2. At y = 120 um, the maximum v of
7.2x1075 m?%s is reached in region 3 (0 < z < 4 mm) and is comparable for HOQ and SWQ.

Variation in the HOQ flame front location is primarily responsible for the larger temperature scatter and the
weaker perceived mean temperature and viscosity gradients in Figs. 6a,b. Spatially-resolved, single-shot
temperature measurements as demonstrated in [13,44,45], in addition to more selective conditional averaging
could better resolve spatial gradients with less variation. However, this is beyond the scope of this work. The
scatter in temperature effectively makes it more difficult to provide an accurate representation of the average
v profile for HOQ cases. The large gas temperature variations will undoubtedly affect the fluid mechanics at
the wall (e.g., (U,) and d(U,) /dy). Thus, it is expected that the (U,) and d(U,)/dy profiles reported in Fig.
6¢,d will exhibit an average behavior between the temperatures shown in the scatter. As such, the calculation
of inner variables for HOQ as a function of streamwise distance should be taken with caution. Nonetheless,
this work presents a first attempt to describe the reacting turbulent boundary layer in FWI environments from
experiments, as well as distinguish the boundary layer behavior between SWQ and HOQ flame topologies.

The velocity related profiles in Fig. 6 are evaluated in the aforementioned regions 1-3. However, since the
trends in regions 1 and 2 are similar, findings for regions 1 and 2 are combined into the same discussion.

In regions 1 and 2 (-4 < z <0 mm), Fig. 6¢ shows that the near-wall streamwise velocity (U,) at y = 120 pm
exhibits a mild increase from =~ 0.85 m/s to = 1 m/s. The increase in (U,) and its overall magnitude are lower
for HOQ than SWQ cases. As shown in Fig. 5f for SWQ, higher velocities near the flame impinge closer to
the wall, which is not present for the HOQ case (Fig. 6f). d(U,)/dy values in Fig. 6d exhibit a rather constant
profile from -4 < z < 0 mm. The u, , profile in Fig. 6e shows an appreciable linear increase from 0.3 m/s to
0.45 m/s, which is consistent with the SWQ findings. Since d(U,)/dy is approximately constant from -4 < z
< 0 mm, the increase in v appears to be the primary reason for the increase in u, , in regions 1 and 2 for HOQ.

Downstream z = 0 mm in region 3, gas temperatures show a mild increase and then plateau near z= 1 mm in
Fig. 6a. Although the flame is not yet quenched for the HOQ case, the (U,) velocity at the wall exhibits the
same decreasing trend above z = 0 mm (Fig. 6¢). Similar to SWQ, the lower velocities may be due to a more
viscous fluid at the wall and due to slower thermal expansion in the burned gas boundary layer. In Fig. 6d,
d(U,)/dy exhibits a mild decrease above z = 0 mm, while u, , features relatively constant values between
0.45-0.50 m/s (Fig. 6e).
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Fig. 6: Streamwise values of key parameters associated with non-dimensional boundary layer variables u;}, y* for HOQ
cases. Statistical information: 2632 samples for temperature-related quantities (a,b) and 1132 samples for velocity-
related quantities (c-f).

In Fig. 6f, the location of y* = 5 and 10 values as a function of streamwise distance exhibit a similar trend for
HOQ as was shown for SWQ. The only minor difference worth noting is that the HOQ case shows a less
pronounced “thickening” of y* in region 2 (-2 < z < Omm). This feature is caused by the larger scatter in the
measured gas temperature, which causes the less pronounced increase in viscosity at this location.

4.2.3 uf,y* velocity profiles

The analysis proceeds with an evaluation of the non-dimensional boundary layer variables u;},y* in relation
to SWQ and HOQ flame topologies. This analysis is separated in terms of the fluid approaching the quenching
location from -2 < z < 0 mm and the fluid immediately downstream the quenching location in the burned gas
boundary layer from 0 < z <2 mm. Figure 7 shows these two regions relative to z = 0 mm for both SWQ and
HOQ. The black-dotted and -dashed lines refer to the inner scaling velocity equations, namely Eq. 4 and 5 for
the viscous sublayer (dotted) and the log-layer (dashed), respectively. Recall that the u;, y™ profiles for the
non-reacting flow conform to the dashed- and dotted-lines for y* < 8 and from 20 < y*< 50 (see Fig. 3b).

For both the SWQ and HOQ topologies, the reacting flow u} profiles follow the linear regime of the viscous
sublayer up to y* = 5, indicating that the universal linear scaling law, u* = y*, remains to be an accurate
scaling law in the viscous sublayer, even at the quenching location. Beyond y* > 5, the u} profiles become
sub-linear and deviate significantly from both scaling laws with u} being much smaller than that of the non-
reacting flow. For SWQ topologies, a progression of the u;} profiles towards lower values is evident as z
progresses from -2 mm to 0 mm (i.e., as the flow approaches the quenching location). Downstream the
quenching location, the u;} values show a gradual progression towards larger values as z progresses from 0
mm to 2 mm. At z =2 mm, u;} profiles begin to approach the log-layer scaling depicted by the dashed-line,
which may be a result of the developing burned gas boundary layer after quenching. For HOQ, u; profiles
beyond y* > 5 also exhibit the strong deviation from the scaling laws with lower u;} values, however, there
is little discernible difference among u; profiles from -2 < z < 0. Downstream z = 0, the u; profiles exhibit



a slight increase in value, but the profiles at z = 2 mm still exhibit substantial deviation from the log-law
scaling.
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To understand the deviation in u; profiles of the reacting flow from that of the non-reacting flow, the variables
that define u (i.e. (U,) and u;,) are evaluated in detail in Fig. 8. Figure 8 shows streamwise quantities of
(U,) within the viscous sublayer (y* = 5) and at various y* locations within the log-layer, as well as
streamwise quantities of u; ,. These streamwise velocity profiles are shown for the non-reacting flow, and both
SWQ and HOQ flame topologies with emphasis on the -2 < z <2 mm domain discussed in Fig. 7.

Figure 8 shows that each velocity profile for the non-reacting flow exhibits a relatively constant velocity in the
streamwise direction. The u, , profile for the non-reacting flow exhibits fluctuations around the mean value of
0.18; these fluctuations are primarily caused by fluctuations in the calculated velocity gradient at the wall
(d(U;)/dy)|y=o- The velocity profiles for the reacting flow, on the other hand, show a strong variation in the
streamwise direction. In addition, the velocity values for the reacting flow are substantially larger than the non-
reacting flow in all instances. As mentioned in Sect. 4.2.1, in addition to the flame imposing higher velocities
as the flame approaches the wall, higher velocities for the reacting flow are a result of fluid expansion across
the flame front, which accelerates the fluid across the flame front and entrains fresh gas into the flame. For the
reacting flow, Fig. 8 shows that the profile shape of (U,) in the viscous sublayer and u, , emulate each other,
although u, , exhibits larger relative changes. (U,) and u, , show a considerable increase in velocity as the
fluid approaches z = 0 mm, followed by decreasing velocities further downstream of z = 0 mm. The reacting
velocity profiles for y* =30 — 50 show a monotonically increasing velocity in the streamwise direction.
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To understand how the velocity differences between non-reacting and reacting conditions shown in Fig. 8
contribute to the “flattened” u;} profiles deviating from the law-of-the wall, the relative difference in velocity

between non-reacting and reacting conditions is evaluated as follows:

(ureacting - unon—reactiny)/unon—reacting - 100%

(7

In Eq. 7, the variable u corresponds to u; 5, (U,), or u; . Figure 9a,c shows the relative differences of u, , and
(U,) at the y™ locations shown in Fig. 8. These differences are shown for discrete z-locations. Figure 9b,d
reveals the relative difference of uj as a result of the relative differences between u, , and (U,).
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Figure 9 reveals that both u;, and (U,),+_5 have the largest increase relative to the non-reacting flow.
However, the amount of increase in these quantities is very similar, which is sensible since these parameters
are expected to be governed by the same local velocity and fluid properties. The similarity between u, , and
(U,) from the reacting and non-reacting cases is congruent for all regions within y* < 5. As a result, the SWQ
and HOQ reacting boundary layers in the u;,y*space show almost no deviation from the non-reacting
boundary layer within the viscous sublayer. Each boundary layer adheres to the linear ut = y* scaling law,
despite having significantly higher velocities and a flame present for the reacting cases. In the log-layer, the
relative increase in (U,) between reacting and non-reacting cases is less substantial than the relative increase
in u ,. The larger increase in u, , than (U,) effectively reduces uj in the log-layer, causing the deviation of
uF from the non-reacting case and from the law-of-the-wall.

The extent to which u} deviates from the law-of-the-wall is determined by the disparity between the relative
difference of u, , and (U,) in the log-layer. Since the relative difference of u; , is much larger than the relative
difference in (U, ) in the log-layer, the following discussion focuses on the parameters contributing to changes
in Uy z; namely d(U,)/dy|, -0 mm and v, which are both proportional to u,, and thus inversely proportional
to u; .

When evaluating the velocity fields for the non-reacting and reacting flows in Figs. 3-6, it is clear that
d(U,)/dyl,=¢ increases for the reacting boundary layer due to an increase in velocity at the wall. However, a
more influential factor contributing to an increase in u, , for the reacting flow is the near-wall gas temperature,



which governs v. This aspect is admirably shown for the SWQ topology, where a distinct near-wall temperature
gradient is resolved as a function of streamwise distance. Evaluating the profiles shown in Fig. 5, at z=-2 mm
the gas temperature is shown to increase, while d(U,)/dy at the wall reaches its peak. At this z-location, the
increase in v as well as d(U,)/dy both contribute to the relative increase in u,,. However, from -2 <z <0
mm, u,, increases substantially, while d(U,)/dy decreases. In these z-locations, the increase in u;, is
strongly driven by the increase in v due to the sharp temperature rise near flame quenching. In turn, this
increase in u; , reduces u, contributing to the “flattening” of the uj curves in Fig. 7a as z increases from -2
mm to 0 mm. Downstream of the z = 0 mm location, Fig. 5 shows that the near wall temperature (and v) are
relatively constant, while d(U,)/dy at the wall decreases, thereby decreasing u, , . At the same time, (U,) in
the log-layer increases above z = 0 mm as shown in Fig. 8. The increase in (U,) and decrease in u , increases
uy , which describes the mild transition of u} back towards values of the non-reacting flow as shown in Fig
7c. The relative deviations of u; 5, (U,), and u from the non-reacting flow as a function of z-location in Fig.
9a,b accurately describe the changes of u} relative to one another in Fig. 7a,c.

The observation that the reacting flow u; profiles undershoot the log-law has also been reported by Alshaalan
and Rutland [7], who numerically studied SWQ flame quenching. They attributed the reduction of u} to the
stronger increase in u;, compared to (U,), but did not evaluate the effect of gas temperature and v towards
the increase in u ,. Similar to the results in this work, Alshaalan and Rutland also observed that u} return
towards the universal log-law farther downstream of the flame quenching location [7].

For HOQ cases, Fig. 9c shows that the relative difference in u, , is high, but the variation in u, , at the various
z-locations is less than SWQ cases. The high relative difference, but lower variation in u; , is due to the higher
viscosity already occurring at z = -2 mm and the milder streamwise gradient in viscosity as shown in Fig. 6b.
The larger relative difference in u,, compared to (U,) in the log-layer reduces u; as shown in Fig. 9¢,d and
leads to the “flattening” of u; profiles shown in Fig. 7b,d. However, for HOQ, the variation in the relative
difference of u;} in the log-layer is smaller than for SWQ, and there does not appear to be a systematic
increase/decrease as z increases from -2 mm to 1 mm (Fig. 9d). As such, the u} profiles shown in Figs. 7b,d
are closely spaced and do not show a systematic progression as z increases from -2 mm to 1 mm. It is not until
Z increases from 1 mm to 2 mm when an increase in (U,) in the log-layer (see Fig. 8) increases u; profiles in
the direction towards the law-of-the-wall (see Fig. 7d).

This analysis reveals the unique aspects of FWI that fundamentally change the turbulent boundary layer, and
suggests additional considerations beyond the traditional wall-models are required to accurately predict the
boundary layer processes in FWI. The evolution of u;}, y* in time and space features a complex interaction
between the contributions of (1) thermal expansion by heat release, (2) flame topology at the wall, (3) near-
wall temperature and fluid viscosity, and (4) near-wall velocity gradient. The thermal expansion induces higher
velocities across the flame front, which increases (U,) in the log-layer. In the viscous sublayer, the flame
approaching the wall increases (U,) at the wall. The flow in the viscous sublayer is further complicated when
the flame drastically increases temperature and fluid viscosity, which is correlated with a decrease in (U,) at
the wall. Accurately measuring the gas temperature in between the flame and wall is challenging during FWI,
which often feeds into the limited capability of developing more accurate numerical models. This work
provides insight into the effects of gas phase temperature on the boundary layer behavior in attempt to foster
opportunities to improve numerical modeling efforts.

5. Conclusions

This work studied the turbulent boundary layer evolution in the presence of FWI. Simultaneous PIV and OH-
LIF was used to measure the velocity field and flame front distribution near the wall. A complementary
experiment employing DP-CARS and OH-LIF was used to measure gas temperature and flame distribution
under identical operating conditions to provide a reasonable measure of kinematic viscosity for proper
normalization of uj}, y™ variables. Experiments were conducted in a SWQ burner, comprised of a V-flame
impinging onto a temperature-controlled vertical stainless-steel wall. Measurements were conditionally
sampled based on the flame topology (SWQ vs. HOQ), as well as the flame impingement height on the wall.



The non-dimensional boundary layer variables u}, y* were calculated to evaluate the turbulent boundary layer
structure. It was shown that regardless of the FWI topology, the reacting flow u; profiles follow the linear
scaling law, ut = y* in the viscous sublayer up to y* = 5, revealing that this law is credible for FWI
environments. Beyond y* = 5, the u} velocity becomes sublinear and deviates from the traditional law-of-the-
wall scaling with u; being much smaller than that of the non-reacting flow in the log-layer. The flame modifies
the near-wall velocity field as well as the temperature field, which are both responsible for the deviations in
uy . Upstream the flame impingement location, the flame increases the fresh-gas streamwise velocity (U, ), as
well as the near-wall velocity gradient d{U,)/dy|,-¢. As the fluid approaches the flame impingement location,
the gas temperature increases strongly, causing a three-fold increase in the fluid’s kinematic viscosity, v. At
this location, (U,) and d(U,)/dy/|, - begin to decrease, presumably due to increased viscosity. The significant
increase in v increases u; ,, which in turn decreases u; and contributes to the flattening of the u; profiles
compared to the law-of-the-wall scaling. Downstream the flame impingement location, gas temperature and
v values stabilize, and a burned gas boundary layer develops. The high viscosity at the wall reduces
d(U,)/dyly= in the burned gas boundary layer, while (U,) increases away from the wall. The former reduces
Uy ,, which in combination with higher (U,) away from the wall, initiates an increase in u; with downstream
distance from the flame impingement location, and the u; profiles begin to approach the law-of-the-wall
scaling in the log-layer.

The said trends are most pronounced for SWQ cases reported in this work. For HOQ cases, a considerable
scatter in the measured gas temperature produced a weaker perceived gas temperature gradient, for which the
trends upstream of the flame impingement location were less pronounced. As such, HOQ findings should be
taken with caution. Nonetheless, the work identifies the fluid mechanic and thermofluid property modifications
imposed by FWI, which results in an appreciable deviation from traditional wall models. It is intended that
such measurements can be used to help generate more appropriate wall models for FWIL.

While the measurements are presented in non-dimensionalized form to aid generalization of the findings, it is
important to emphasize that the findings may be specific to the operating conditions employed. The findings
reported here are in agreement with DNS studies from Ashaalan and Rutland [7], which exhibited lower
turbulence levels and incorporated fuel properties different to those presented here. Nonetheless, it would be
valuable to investigate the effect of higher turbulence levels and various fuel properties to understand potential
changes in the near-wall flame/flow processes and how such changes may affect the boundary layer behavior.
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