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Abstract

Non-reacting impinging laminar jets and premixed methane-air
flames are studied experimentally and numerically. Axial ve-
locity measurements are performed using Particle Streak Ve-
locimetry (PSV). The nozzle pressure drop is measured con-
currently to determine the Bernoulli velocity. For cold imping-
ing jets, scaling by the Bernoulli velocity collapses the center-
line axial velocity profiles onto a single curve that is indepen-
dent of the nozzle-plate separation distance. Cold-flow velocity
profiles can be modeled using an error function with a single,
Reynolds number dependent, parameter. Velocity data for cold
impinging jets and premixed methane-air flames are compared
to one-dimensional simulations with multi-component transport
and full chemistry (GRI-Mech 3.0). Near-stoichiometric flames
are studied as a function of the nozzle-stagnation plate sepa-
ration distance. At constant Bernoulli velocity, flame profiles
also collapse independently of separation distance. The results
indicate that the one-dimensional streamfunction model can ac-
curately capture both non-reacting and reacting stagnation flow
if appropriate boundary conditions are specified.

Introduction

Premixed laminar flames offer a useful environment for validat-
ing chemical-kinetic mechanisms of hydrocarbon fuels. Stud-
ies that can be referenced to chemical kinetics over a variety of
conditions (e.g., equivalence ratio, ambient pressure, strain-rate
field) are desirable. The approach here relies on detailed mea-
surements of strained flames in a jet-wall stagnation flow. This
geometry has boundary conditions that can be accurately spec-
ified, facilitating simulation and comparisons with experiment.

Velocity data for impinging jets in the nozzle-plate separation
distance L to nozzle-diameter d ratio range of 0.5 ≤ L/d ≤ 1.5
are not widely available. In addition, although stagnation flows
have been employed in a large number of laminar flame stud-
ies, direct comparisons between flame measurements and sim-
ulations are sparse. When comparisons have been made, inlet
velocity boundary conditions are treated as free parameters to
align measured and simulated profiles (e.g., [5]). This work
targets the hydrodynamics of impinging jets and the effects of
chemical reaction and the resulting heat release on this flow.

Velocity profiles are measured using Particle Streak Velocime-
try (PSV) [1]. Concurrent measurements of the nozzle pres-
sure drop are used to define the Bernoulli velocity U B. Imping-
ing jets are studied as a function of L at imposed strain rates
(Reynolds numbers) of interest in laminar flame studies. Near-
stoichiometric premixed methane-air flames are studied at con-
stant UB, as a function of L. One-dimensional (1D) simulations
of cold and reacting stagnation flows are performed using Can-
tera to assess the streamfunction model employed [1, 2]. This
work is part of an ongoing investigation into the performance of
flow, transport and chemistry models for premixed hydrocarbon
flames.

Experiments

A room-temperature, atmospheric-pressure jet is generated
from a contourednozzle with an exit diameter of d = 10mm that
impinges on a constant-temperature (water-cooled) copper stag-
nation plate. Three K-type thermocouples are embedded on the
centerline, spaced vertically between the stagnation and cooled
surface, to allow monitoring of wall temperature and tempera-
ture gradients. Fuel and air mass flow rates are set using sonic
metering valves and monitored concurrently (Omega FMA868-
V-Methane and FMA872-V-Air, calibrated using a Bios DryCal
ML-500). Estimated uncertainty in the mass-flow measurement
of the air and fuel streams is 0.5%, resulting in an uncertainty
of 0.7% in the equivalence ratio Φ.

The pressure difference between the jet plenum interior and a
point just outside the jet-core flow region is measured with a
1torr full-scale differential-pressure transducer (BOC Edwards
W57401100 and W57011419). The Bernoulli velocity,

UB =

√
2∆p

ρ[1 − (d/dP)4]
, (1)

is then calculated, where ∆p is the nozzle static pressure drop, ρ
the fluid density, d the nozzle exit diameter, and d P the plenum
(inner) diameter. Pressure, mass-flow, and temperature data are
acquired simultaneously with digital-image acquisition, allow-
ing accurate specification of simulation boundary conditions.

Particle Streak Velocimetry (PSV)

Flow velocities along the jet centerline are measured using Par-
ticle Streak Velocimetry (PSV) [1]. The implemented PSV
methodology yields low-fractional-error axial-velocity data,
while requiring a low particle-seed density. Low particle load-
ing reduces flame disturbances. A single PSV image can cap-
ture the entire velocity field, making it ideal for short-run-time
experiments. A sample PSV image for impinging-jet flow is
shown in figure 1. The measurements rely on micron-sized alu-
mina particles and ceramic microspheres.

A Coherent I-90 Ar+ laser, operated at 2− 3W, provides the
PSV illumination source. Two cylindrical lenses generate a thin
laser sheet (≈ 200µm) in the field of view. An Oriel (Model
75155) chopper with a 50% duty-cycle wheel modulates the
laser beam. The chopper wheel is placed at a laser-beam waist
to minimize on-off/off-on transition times. Chopping frequen-
cies are in the range, 1kHz ≤ νc ≤ 2kHz, with νc optimized
depending on flow velocity. PSV image data are recorded at
4fps using the in-house-developed “Cassini” CCD [1]. Mag-
nification ratios are close to 1:1 using a Nikon 105mm, f /2.8
macro lens (with a 514.5nm bandpass filter).

Local velocities, u(x), are estimated from streak pairs as, u(x) ∼=
∆X(x)/∆t , yielding uI = LI/τc and uII = LII/τc, where τc =
1/νc (chopping period) and LI = x2s−x1s and LII = x2e−x1e are
the distances from the start/end of one streak to the start/end of



Figure 1: PSV in impinging-jet flow (L/d = 1.0).

Figure 2: PSV measurement technique.

the next, respectively. The velocity estimate u I is located at xI =
(x1s +x2s)/2+(w1 +w2)/4, where xis is the spatial location of
the start of the ith streak and wi is the width of the ith streak.
Similarly, uII is located at xII = (x1e + x2e)/2− (w1 + w2)/4,
where xie is the location of the end of the ith streak (cf . figure 2).
Using the same intensity threshold on a streak pair removes sys-
tematic errors in applying the Lagrangian time interval τc to the
spatial extent of each streak. The PSV analysis technique yields
an rms error of ≈ 0.01UB. See [1] for additional details on PSV.

Simulations

Axisymmetric stagnation flow and premixed flame simulations
are performed using the Cantera reacting-flow software pack-
age [1, 2]. The 1D model for stagnation flows relies on a stream-
function ψ(x,r) = r2U(x), with U(x) = ρu/2, where u is the
axial velocity. The momentum equation then becomes,

2U
d
dx

(
1
ρ

dU
dx

)
− 1

ρ

(
dU
dx

)2

− d
dx

[
µ

d
dx

(
1
ρ

dU
dx

)]
= Λ . (2)

In this formulation, Λ ≡ (1/r) dp/dr and must be a constant.
Treating Λ as unspecified, four boundary conditions are im-
posed on this third-order ordinary differential equation at x = 0
and x = �, with 0 < � ≤ L a suitably chosen interior point,
e.g., U(0) = 0, U ′(0) = 0, U(�) = ρ0 u�/2, U ′(�) = ρ0 u′�/2,
where ρ0 is the density of the (cold) gas mixture, and u� and
u′� are the velocity and velocity gradient at x = �. Energy
and species equations are also solved with specification of in-
let composition, inlet temperature, and stagnation-wall tem-
perature boundary-conditions. The simulations use a multi-
component transport model and the GRI-Mech 3.0 kinetics
mechanism. A (multi-component) no-flux boundary condition
for species is assumed at the wall.
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Figure 3: Comparison of velocity (scaled by UB) versus axial
distance from plate (scaled by d ) at three nominal Reynolds
numbers and L/d = 1.4 (◦), 1.0 (+), and 0.7 (×).

Results

Cold impinging-jet velocity data are reported at three nominal
Reynolds numbers, Re ≡ ρdUB/µ ∼= 400, 700, and 1400, and
three nozzle-to-stagnation plate separation distance to nozzle-
diameter ratios, L/d ∼= 0.7, 1.0, and 1.4. Figure 3 compares
measured axial velocities, scaled by the Bernoulli velocity, for
three L/d ratios at three Reynolds numbers. The velocity pro-
files collapse on a single curve, independent of L/d, if axial ve-
locities are scaled byUB. An axial velocity deficit at the jet-exit
develops as the separation distance is decreased due to the in-
fluence of the stagnation point on the nozzle flow [6]. Notably,
the velocity and its gradient adjust to maintain self-similarity,
with the Bernoulli velocity scaling the flow.

In their study of cold turbulent jets, Kostiuk et al. [4] showed
that opposed-jet or impinging-jet velocity data are well char-
acterized by an error function. Their error function contained
three adjustable parameters: the velocity at infinity U∞, a strain-
rate parameter α, and a wall-offset length δ/d,

u(x)/U∞ = erf [α (x/d − δ/d)] . (3)

Figure 3 indicates that an error function also characterizes
laminar impinging-jet flow. The experimental data in fig-
ure 3 suggest that the appropriate velocity scale for laminar
impinging jets is the Bernoulli velocity, i.e., U∞ = UB. From
one-dimensional viscous stagnation-flow theory [7], the scaled-
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Figure 4: Cold-flow velocity profile corresponding to a Φ = 0.9
methane-air flame (Re = 1100, L/d = 1.2). (�) exp. data, (solid
red line) 1D simulation, (dot-dash blue line) error function.

Re α δ/d εrms/UB
400 2.21 0.027 0.017
700 2.00 0.020 0.010
1400 1.88 0.015 0.011

Table 1: Error-function fit parameters and resulting error εrms.

offset length δ/d, which is proportional to the wall-boundary-
layer thickness, can be related to the strain-rate parameter α,
such that, δ/d (Re,α) = 0.7575

√
1/(Re α) . Thus, the only

free parameter in this error-function is the Reynolds-number
dependent strain-rate parameter α = α(Re). The axial veloc-
ity field for an axisymmetric impinging laminar jet is then fully
specified by the Bernoulli velocityUB, since the Reynolds num-
ber, in turn, derives from it. The error function was fit to each
experimental profile by adjusting α to minimize the root-mean-
squared (rms) error εrms. For each Re, the strain-rate parameter
α was averaged over the range 0.7 ≤ L/d ≤ 1.4. This single
α(Re) dependence was subsequently used in all error-function
fits to determine the resulting rms error εrms. The fit parameters
and εrms are shown in table 1.

Cold and reacting stagnation flows are studied for a near-
stoichiometric, Φ = 0.9, methane-air (CH4-air) flame to deter-
mine the effect of heat release on the fluid mechanics and the
ability of the one-dimensional simulations to capture the flow.
The nozzle-stagnation plate separation distance L is varied at
constant Φ to study the hydrodynamics at constant chemistry.
Figure 4 shows the measured velocity data for a cold-flow at
Re ∼= 1100 and L/d = 1.2. Velocities are scaled by U B and
axial-distances by d. The error-function profile with α = 1.95,
interpolated for Re = 1100, is included and accurately models
the flow. Exploiting the inviscid, constant-density solution to
equation (2), which is a parabola, a quadratic is fit to the ve-
locity profile in the range 0 ≤ x/d ≤ 0.8. The values u � and
u′� are calculated from the fit at x = �, with U(�) = ρ0 u�/2
and U ′(�) = ρ0 u′�/2 then specifying the boundary conditions.
In this work, �/d is fixed at 0.6. As can be seen, the one-
dimensional model accurately captures the flowfield if velocity
boundary conditions are specified in this manner.

Figure 5 shows velocity profiles for a Φ = 0.9 methane-air flame
at L/d = 1.2 and Re ∼= 1100. The cold-flow (error-function)
profile is also included for comparison. Simulation boundary
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Figure 5: CH4-air flame profiles (Φ = 0.9, L/d = 1.2). (�) exp.,
(solid red line) 1D sim., (dot-dash blue line) error-function.
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Figure 6: CH4-air flame profiles (Φ = 0.9, L/d = 0.6). Legend
as in figure 5.

conditions are specified from a fit to the cold-flow portion of the
profile (0.35 < x/d < 0.80) to determine u� and u′�. The sim-
ulated velocity profile is in good agreement with experiment,
but predicts a higher post-flame velocity than measured. The
PSV chopping frequency was optimized for the cold upstream
region and not for this high-velocity, high-curvature region of
the flow. While accounting for this brings experiment and sim-
ulation closer, it does not account for the difference. The flame
produces a virtual stagnation point that alters the flowfield, al-
though the strain rate, σ = du/dx, upstream of the flame is very
close to that of the cold flow. Figure 6 depicts measured and
simulated velocity profiles for a Φ = 0.9 methane-air flame at
L/d = 0.6 and Re ∼= 1100. Again, good agreement is seen ex-
cept for an overprediction of post-flame velocities. A nozzle-
exit-velocity deficit is evident compared to the cold flow.

A comparison of experimental velocity profiles at variable L/d
and constant UB is given in figure 7. The velocity profiles col-
lapse on a single curve, independent of L/d, if the Bernoulli
velocity is held constant. As all datasets were recorded for es-
sentially the same flame, the agreement between experiment
and simulation for L/d = 0.8 and 1.0 is consistent with that
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Figure 7: CH4-air flame profiles (Φ = 0.9) at: L/d = 1.2 (◦),
L/d = 1.0 (�), L/d = 0.8 (+), and L/d = 0.6 (×). Cold-flow
error function is also included (dot-dash blue line).

seen in figures 5 and 6. The imposed strain rate σ can be de-
fined as the maximum slope of the velocity profile upstream
of the flame. The strain rate for the flames presented in fig-
ure 7 is σ ∼= 360s−1. This is very close to the maximum strain
rate for the cold-flow profile of σ ∼= 365s−1 (cf . figure 4). This
flame is not close to extinction conditions, as verified experi-
mentally and predicted numerically. The “global strain rate”
has been defined as the nozzle-exit velocity divided by the
nozzle-stagnation point separation distance (e.g., [8]). For the
flames studied here the global strain rate varies from 140s−1

at L/d = 1.2 to 190s−1 at L/d = 0.6. This indicates that the
global strain rate, based on the centerline nozzle-exit velocity,
does not provide a good surrogate for the strain rate imposed
on the flame. However, Kobayashi and Kitano [3] found a good
correlation between the global strain rate based on the mean
nozzle-exit velocity and the velocity gradient upstream of the
flame. This may be due to their different definition of global
strain rate. Figure 8 plots the product of the simulated veloc-
ity and density profiles, scaled by the cold-flow density ρ 0 and
UB. The profile of ρu is composed of two stagnation flows with
different gradients in the cold and hot regions of the flow.

Conclusions

Velocity profiles are measured, using PSV, in impinging jets and
methane-air stagnation flames. For impinging jets, velocity pro-
files are found to collapse when scaled by the Bernoulli veloc-
ity. These profiles are well characterized by an error-function
model in terms of a single, Reynolds number dependent, param-
eter. One-dimensional simulations can accurately capture the
flow if the boundary conditions are correctly specified. Near-
stoichiometric flames are studied as a function of the nozzle-
stagnation plate separation distance. The flames are simulated
using a one-dimensional model with multi-component transport
and full chemistry (GRI-Mech 3.0). Good agreement is found
between experiment and simulation. Flame velocity profiles
collapse to a single curve at a fixed Bernoulli velocity, inde-
pendent of the separation distance. The strain rate in the react-
ing flow is very close to that of the corresponding impinging
jet. The results indicate that the global strain rate, based on the
centerline nozzle-exit velocity, is not a good surrogate for the
applied strain to the flame as it is dependent on the separation
distance, while the maximum velocity gradient upstream of the
flame is not. The profile of the product of the density and veloc-

x / d

(ρ
u)

/(
ρ 0U

B
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Figure 8: Simulated CH4-air flame profile of ρu at Φ = 0.9
(solid black line). Cold-flow error function (dot-dash blue line).

ity indicates that the reacting flow is characterized by two stag-
nation flows with different gradients. Ongoing research targets
the effect of the imposed strain rate on premixed hydrocarbon
flames and the performance of transport and chemistry models.
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