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The counterflow configuration is a canonical stagnation flow, featuring two opposed
impinging round jets and a mixing layer across the stagnation plane. Although coun-
terflows are used extensively in the study of reactive mixtures and other applications
where mixing of two streams is required, quantitative data on the scaling properties
of the flow field are lacking. The aim of this work is to characterize the velocity
and mixing fields in isothermal counterflows over a wide range of conditions. The
study features both experimental data from particle image velocimetry and results
from detailed axisymmetric simulations. The scaling laws for the nondimensional
velocity and mixture fraction are obtained as a function of an appropriate Reynolds
number and the ratio of the separation distance of the nozzles to their diameter. In
the range of flow configurations investigated, the nondimensional fields are found to
depend primarily on the separation ratio and, to a lesser extent, the Reynolds number.
The marked dependence of the velocity field with respect to the separation ratio is
linked to a high pressure region at the stagnation point. On the other hand, Reynolds
number effects highlight the role played by the wall boundary layer on the interior
of the nozzles, which becomes less important as the separation ratio decreases. The
normalized strain rate and scalar dissipation rate at the stagnation plane are found to
attain limiting values only for high values of the Reynolds number. These asymptotic
values depend markedly on the separation ratio and differ significantly from the
values produced by analytical models. The scaling of the mixing field does not show
a limiting behavior as the separation ratio decreases to the smallest practical value
considered. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972238]

I. INTRODUCTION

Broadly defined, a counterflow setup consists of two steady opposed jets, usually axisym-
metric, impinging on each other and establishing a stagnation flow.1–3 If the streams issuing from
the two nozzles differ in composition, a mixing layer forms across the stagnation plane. A schematic
representation of the flow configuration investigated in this paper is given in Figure 1, where the two
impinging jets issue from contoured nozzles (see Figure 1(a)).

Ease of optical access away from solid surfaces, stability of the flow, and selective control over
the strain rate and rates of mixing make the steady counterflow setup a widely employed config-
uration to study the interaction between heat and mass transport and other molecular processes of
interest, e.g., chemical reactions. For example, in nonpremixed counterflow flames, reactions and
heat release occur inside the thin mixing layer across the stagnation plane.1,4 The structure5 and
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FIG. 1. Schematic of the axisymmetric flow configuration and cylindrical coordinate system (fluid moves downward). z and
r are the axial and radial coordinates, respectively. (a) Overview of the flow configuration, featuring two nozzles of diameter
D separated by a distance H and centered with respect to the stagnation plane. (b) Detail of the region of interest and
contoured wall near the stagnation plane. The nozzle radius is R =D/2, L =H/2 is half the separation distance between the
two nozzles, and the bulk velocityU , computed at the nozzle exit plane (area is πD2/4) is the same for both nozzles. δw and
δZ indicate the thickness of the wall boundary layer and that of the mixing layer across the stagnation plane, respectively.

aerodynamic extinction6,7 of nonpremixed flames are often studied in counterflow burners for vary-
ing strain rates.8 Recently, the nucleation and growth of condensing aerosols have been investigated
numerically in a counterflow by one of the authors.9

In the range of operating conditions relevant to laminar flow applications, the flow field is
inviscid and irrotational over most of the domain (see Figure 1(b)). Vorticity and viscous effects are
confined to the wall boundary layer on the interior of the nozzles and along the external shear layer
that extends from the nozzle wall outwards in the radial direction. The region around the stagnation
point conforms closely to the potential stagnation flow model,10 whereby the velocity field varies
linearly with the axial and radial coordinates and is described by a single parameter, the strain rate
at the stagnation point. Away from the stagnation point, the velocity field is more complex and
affected by the geometry and operating conditions of the counterflow. At large enough Reynolds
numbers, mixing between the two streams occurs inside the potential flow region.

The details of the velocity and mixture fraction fields in counterflows have been investigated
in the past, with most studies related to Ref. 10 or directly involving nonpremixed flames.11,12 One
finds that nonpremixed flames are sensitive to the mixing field, which in turn is affected by the flow
rates through the nozzles and the nozzles’ geometry. A quantitative characterization of the velocity
and mixing fields is recognized as an important prerequisite for the analysis of flames in counter-
flow burners.8 Recently, there has been renewed interest in studying the details of the flow field in
counterflow burners7,13–15 with the aim of reconciling the differences between the actual flow field
and that assumed by reduced order models,16–18 which are adopted to describe counterflow flames
numerically and analytically.

For the purpose of the analysis presented in this work, the parameters characterizing the flow
are the distance between nozzles’ exits (H), the diameter of the exits (D), the bulk velocity at the
exit sections (U = Q/A, where A = πD2/4 is the exit area and Q is the volumetric flow rate, taken to
be equal in each nozzle), and the kinematic viscosity of the fluid (ν), which is taken to be constant.
The straightforward application of dimensional analysis to the counterflow configuration in Figure 1
identifies ReL = UL/ν and α = H/D as two nondimensional groups controlling the nondimensional
velocity field. Henceforth, we shall refer to the nondimensional group α as the separation ratio,
since α represents the ratio of the distance between the nozzle exits to the nozzle diameter. Note
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that the separation ratio is a parameter describing the most important geometrical feature of a
counterflow setup. We hasten to note that this pair of parameters, i.e., (ReL,α), is not unique. For
example, ReL may be replaced by ReD = 2ReL/α to give (ReD,α) instead.

A review of analytical,17 numerical,12–14,19 and experimental results7,10,15 indicates that the flow
field is controlled primarily by the separation ratio and, to a lesser extent, by the Reynolds number.
The effect of the nozzle geometry is also apparent, whereby contoured nozzles, rather than straight
ones, are adopted in order to inhibit the growth of the boundary layer on the interior walls. Although
it is known that the flow field depends on Re and α, issues of similarity, scaling, and dependence
from nondimensional groups have not been addressed. Furthermore, quantitative data are lacking
and, if available, they are specific to particular setups and of limited scope, so that geometrical
effects may not be compared conclusively across facilities and published data.

The objective of our work is to provide a quantitative and comprehensive characterization of
the nondimensional velocity and mixing fields in laminar axisymmetric counterflows in terms of
scaling laws. To this end, the parameters Re and α are varied over a wide range of values encom-
passing most applications in order to explore Reynolds number and geometry effects. Two nozzle
types, one straight and one contoured, are considered for completeness. We anticipate that the data
originating from our study will aid the design and operation of practical setups, e.g., next-generation
counterflow burners for combustion applications at elevated pressures.

The results presented here originate from velocity measurements via Particle Image Velocime-
try (PIV), detailed axisymmetric simulations including the nozzle geometry, and exhaustive data
reduction based on nondimensional quantities. We report results pertaining to flows with constant
density in order to limit the parameter space of our study. The case of variable density flows, which
are most pertinent to combustion, will be addressed at a later time.

We describe the experimental and numerical methods in Sec. II. In Sec. III, we present results
based on experiments and detailed axisymmetric simulations, which characterize the velocity and
mixing fields established between opposed jets conclusively. Attention is paid to those quantities
relevant to mixing, such as the scalar dissipation rate. Summary and conclusions are presented in
Sec. IV.

II. METHODS

A. Experimental setup and methods

The experimental setup consisted of two opposed contoured nozzles and flow conditioning and
metering equipment. The contoured nozzles and flow conditioning stacks are shown in Figure 2(a).

The contoured nozzles were mounted on two identical flow conditioning stacks, consisting of a
receiving manifold, a divergent section, and a straight section leading to the inlet of the contoured
nozzle (see Figure 2(a)). Two perforated plates with a blockage ratio equal to 0.73 were placed at
the inlet and outlet of the divergent section. A honeycomb of height 50 mm and 200 cells per square
in. (cpsi) was located in the straight section. The flow conditioning sections (manifold, divergent,
and honeycomb) ensure that the velocity at the inlet of the nozzles is uniform, thereby providing
well-defined boundary conditions for the simulations (see Section II B). One nozzle assembly was
mounted on a flange fastened to the optical table, while the other assembly was mounted on an
ensemble of three manual translation stages with micrometer accuracy, allowing for accurate align-
ment. To improve the alignment further, the stack of translation stages was mounted on a two-axis
goniometer.

Three contoured nozzles with exit diameters D equal to 7.5, 15, and 30 mm were used. The
flow conditioning units were the same when employing nozzles of different diameters. Nozzles of
different sizes were employed in order to support the application of dimensional analysis to the
counterflow configuration and rule out additional dependencies from geometrical and flow features
other than the nozzle diameter, nozzle separation distance, and bulk velocities (see Sec. III B). Apart
from rescaling all physical dimensions by a factor, the geometry of the three nozzles was identical.
For the remainder of this paper, the three nozzles will be referred to as S, M, and L, respectively.
The shape of the interior surface of the contoured nozzle was inspired by the design in the work
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FIG. 2. (a) Overview of the nozzles and flow conditioning stacks: 3D rendering (left) and 2D section (right) from the
drawings. (b) The shape of the interior wall of the contoured nozzle (exit diameter 15 mm). All dimensions are in mm. The
radii of curvature of the bottom and top portions of the wall are 100.00 mm and 222.66 mm, respectively. The inlet and exit
diameters are 57.6 and 15 mm, respectively, resulting in an area contraction ratio of about 15:1. The length of the contoured
nozzle is 115.46 mm. The nozzles with exit diameters of 7.5 mm and 30 mm are obtained from the same design rescaled by
a factor of 0.5 and 2, respectively. (c) Computational domain and mesh (shown for the case of H/D = 1), contoured nozzle
geometry, and boundary conditions: axis of symmetry at r = 0 (I, blue), no-slip impermeable surface on the nozzle’s interior
and exterior walls (II, black), uniform velocity inflow and constant mixture fraction (III, red), and mixed inflow/outflow
with constant pressure p∞= 1 atm along a circular boundary located at a radial distance ≈12D (not shown). Although only
one nozzle is shown in the figure for the sake of clarity, the simulations feature two nozzles and the computational mesh is
symmetric with respect to the stagnation plane at z = 0.

of Rehm and Clemens,20 resulting in an area-based contraction ratio of 15:1. The geometry of the
interior wall of the nozzle is shown in Figure 2(b). The contoured nozzles were manufactured using
a 3D plastic printer (Dimension BST 1200es, Stratasys). The figure tolerance was found to be equal
to ≈0.1 mm by direct inspection of the parts.

Nitrogen at 21.6 ◦C and atmospheric pressure was used as the working fluid (ρ = 1.16 kg m−3

and ν = 1.54 × 10−5 m2 s−1). Two independent feed lines and metering systems were used for the
two nozzles. Each line included a mass flow controller (Teledyne–Hastings HFC 303) and PIV
seeding unit (LaVision aerosol generator, Item Nr. 1108926). Prior to each use, the mass flow
controllers were calibrated with a primary flow calibrator (MesaLabs DryCal Definer 220 primary
flow calibrator) resulting in an accuracy equal to ±0.5% of the reading or 1% of the full scale.

PIV was used to measure the axial and radial velocity components on a plane through the
axis of the counterflow setup. The PIV system consists of a double-head Nd:YAG laser with a
4 ns, 200 mJ pulse (Litron Laser Nano L200—15 PIV). A camera with 1380 × 1040 pixels (Im-
ager Intense—LaVision) was used to record the images, which were processed using commercial
software (DaVis 8—LaVision).

The time delay ∆t between the two PIV images was optimized for each case according to the
bulk velocity, the field of view, and the expected displacement of the seeding particles. Depending
on the conditions, ∆t was between 15 and 450 µs. The two components of the velocity were
computed from double frame images using a multi-pass cross correlation algorithm with interroga-
tion windows decreasing from 64 to 16 pixels and an overlap of 50%. The spatial resolution for all
cases was between H/125 and H/80, where H is the separation distance between nozzles. Taking
into account the optical properties of the setup and the time separation between pulses, the error
for the measured velocity is estimated not to exceed ±6% according to the analysis in the work of
Adrian.21–23
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B. Numerical methods

The software ANSYS Fluent® (Release 16.0) was used to simulate the velocity, pressure, and
mixture fraction fields in the counterflow configuration. The simulations were axisymmetric on a
cylindrical coordinate system. Computations are repeated for both contoured and straight nozzles.
The computational domain included the internal geometry of the two nozzles and extended up to
the nozzles’ inlets, corresponding to the exit plane of the honeycomb section in the experimental
setup. The computational domain and mesh, nozzle geometry, and boundary conditions are shown
in Figure 2(c) for the case of the contoured nozzles. Simulations are repeated with straight nozzles
consisting of pipes of length 4D also. This arrangement is representative of most counterflow setups
with straight nozzles.

At the inlets of the nozzles, uniform axial velocity was prescribed and the mixture fraction
was set equal to 1 on one side and 0 on the other. Recall that, in the experimental setup, the
contoured nozzles are mounted on a stack of flow conditioning elements (see Figure 2(a)) and
the flow out of the terminating honeycomb section is modeled as a uniform inlet velocity profile
for the contoured nozzles in the simulation. The interior and exterior nozzle walls were treated as
no-slip, impermeable surfaces. On the far field boundary, the pressure p∞ was set equal to 1 atm.

The boundary layers on the interior walls near the nozzles’ exits were discretized with approx-
imately 30 points. Towards the stagnation plane, the grid was refined maintaining an aspect ratio of
1. Starting from the region near the nozzle exit, the grid size was uniform with ∆z = ∆r = H/200.
Moving upstream from the nozzle exit plane towards the nozzle inlet, the grid spacing in the direc-
tion normal to the nozzle’s inner wall was kept constant, while the spacing in the axial direction
was increased, reaching an aspect ratio close to 4. Outside the nozzles, the domain extended radially
away from the axis by more than 12 nozzle diameters. The mesh resolution was decreased towards
the far field. Overall, the number of cells was approximately 3.5 × 105.

The grid was found to resolve gradients adequately up to the highest Reynolds number consid-
ered. Convergence with respect to the spatial resolution afforded by the mesh was confirmed by
repeating the calculations with half the number of grid points without any appreciable modification
to the solution.

The momentum term was treated with a second-order upwind scheme. The SIMPLE algorithm
was used to couple pressure and velocity. The scalar equation is approximated with a first-order
upwind scheme. The equations were solved with the steady solver. Each calculation required
approximately 8 h on one core of an engineering workstation (Intel® Xeon CPU E5-2680 v2
2.80 GHz).

III. RESULTS

A. Overview

Figure 3 shows the main features of the laminar and axisymmetric flow field in between two
opposing jets issuing from contoured nozzles. The data are reported in a nondimensional form and
originate from axisymmetric simulations and PIV-based velocity measurements in a setup equipped
with 30 mm contoured nozzles (L). The results of PIV measurements are shown as axial and radial
velocity isocontours in Figures 3(a) and 3(b). Due to limited optical access, measurements are pro-
vided for the regions 0 ≤ z/L ≤ 0.9 and r/R ≤ 1 only. The pressure field is from the simulations.

The velocity and pressure fields are characterized by the presence of a stagnation plane, which
redirects the axial flow issuing from the nozzles outwards in the radial direction. The experimental
and numerical data show very good agreement. Flow redirection is associated with a high-pressure
region extending axially and radially from the stagnation point. The nondimensional pressure differ-
ence p − p∞ is of magnitude O(ρU2) for all cases considered in this study. For atmospheric flows
with practical bulk velocities in the range 0.2–2 m s−1, the resulting maximum pressure difference is
between 0.05 and 5 Pa with negligible effects on the gas density.

The regions of the flow where viscous forces are important are the thin wall boundary layer
of thickness δw inside the nozzle and the external shear layer developing between the fast moving
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FIG. 3. Overview of the velocity and pressure fields in between two opposing jets issuing from contoured nozzles. The
flow parameters are α =H/D = 1 and ReD =UD/ν = 1200 (ReL =UL/ν = 600). Only the right half of the domain and the
top nozzle are shown (fluid moves downward). (a) Nondimensional axial velocity component −u/U ; (b) nondimensional
radial velocity component v/U ; (c) nondimensional pressure difference (p− p∞)/ρU2, where p∞= 1 atm is the pressure
prescribed on the far field boundary. In all figures the color isocontours correspond to data from axisymmetric simulations;
in (a) and (b), the solid black lines correspond to PIV measurements carried out in the large contoured nozzle (D = 30 mm);
in (a), the u =−U isocontour is indicated by a white dashed line; in (b), the v = 0 isocontour is indicated by a black dashed
line; and in (c), the flow streamlines are shown as black solid lines. (a) −u/U . (b) v/U . (c) (p− p∞)/ρU2.

fluid issuing from the nozzle and the quiescent ambient fluid. Vorticity (not shown) is confined to
these two regions and is zero everywhere else. With the exception of the wall boundary layer and
the external shear layer, viscous forces are negligible everywhere for ReD ≥ 100. This behavior
is consistent with the flow configuration and the uniform inlet velocity profile, since vorticity is
generated at the wall due to shear and is transported towards the centerline, remaining confined
inside the wall boundary layer.

Far upstream inside the nozzle, the flow displays the canonical features of an internal flow,
which accelerates due to the contraction of the cross-sectional area. The axial velocity is almost
uniform across the nozzle and its value increases in the downstream direction (Figure 3(a)). The
radial component of the velocity is small and negative (fluid moving towards the centerline) with
the exception of the centerline and the wall, where it is zero. The pressure is also nearly uniform
radially and decreases towards the nozzle exit to sustain fluid flow.

Moving closer to the nozzle exit, the flow is affected by the presence of the opposing jet and the
associated high pressure region centered at the stagnation point (Figure 3(c)). The pressure attains a
local minimum and then increases towards the stagnation plane. At the same time, the axial velocity
on the centerline decreases, while a region of high axial velocity forms near the nozzle wall, just
outside the boundary layer. Corresponding with the local minimum in pressure, the radial velocity
becomes positive (fluid moving away from the centerline). In Figure 3(b), the change in the sign of
the radial velocity is marked by the v = 0 isocontour, which indicates the transition from an internal
flow to a stagnation one.

Inside the stagnation flow region, the axial velocity decreases further towards zero, while the
pressure and the radial component of the velocity increase. Near the stagnation point, the velocity
field conforms closely to that in an axisymmetric potential stagnation flow and the strain rate at the
stagnation point is the sole governing parameter.

In closing, we remark that the flow is found experimentally to be laminar and steady for all
conditions considered in this study, although the Reynolds number based on the nozzle diameter
may exceed the critical value of ≈2300 that marks the transition from a laminar to a turbulent flow
in pipes. This apparent contradiction is explained by noting that ReD is not representative of the
flow regime, since the fluid is accelerated rapidly through the contoured nozzles starting from a
uniform velocity profile at the exit of the upstream flow conditioning stacks.
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FIG. 4. Radial profile of the nondimensional axial velocity −u/U as a function of r/R at various axial locations. The data
are shown for ReD = 1200 and four separation ratios α = 0.5, 1, 1.5, 2 (left to right). In all figures, symbols represent PIV
data at z/D = 0.1 (open circles), 0.2 (solid circles), 0.3 (open squares), and 0.4 (solid diamonds). Solid lines represent
simulation results at the same axial location. Dashed lines above and below the solid lines indicate ±6% of the simulated
value and provide an indication of experimental errors (see Section II A for the discussion). Colors represent data from the
three nozzles: S (green), M (blue), and L (red). In the case of α = 0.5, PIV data for z/D = 0.3 and 0.4 are not shown, since
these axial locations are not optically accessible and the numerical data are reported instead. In the case of α = 2, only PIV
data from nozzle S are available and shown.

B. Flow similarity

Figure 4 shows the radial profiles of the normalized axial velocity at various axial locations
between the stagnation plane and the nozzle exit plane for ReD = 1200. It is apparent that the
profiles of the nondimensional components of velocity from the three setups with varying nozzle
sizes collapse on each other for given values of the nondimensional groups ReD and α. Furthermore,
the experimental data collapse on the axial velocity profiles from the axisymmetric simulations.
Although not shown here, similar observations apply to the radial component of the velocity.

The collapse for the data measured in nozzles L and M is almost perfect, while some differ-
ences are apparent for nozzle S, most likely due to challenging conditions for PIV and poor figure
tolerances related to 3D plastic printing. Recall that the error on the measured velocity was esti-
mated not to exceed ±6% (see discussion in Section II A). As shown in Fig. 4, both the collapse
of the data across nozzles of different sizes and the agreement between experimental and numerical
data are within these estimates for the error bounds. Similar trends are found for all other Reynolds
numbers considered (not shown).

Additional data on the axial and radial profiles of −u/U and v/U are presented in Figure 5. The
axial profile is extracted along the centerline, while the radial profiles are taken at the stagnation
plane. Data from PIV measurements and simulations for various Reynolds numbers, separation
ratios, and nozzles sizes are reported. Results are shown for 100 ≤ ReD ≤ 3000 and 0.25 ≤ α ≤ 2,
thereby encompassing all practical counterflow applications in the laminar regime.

It is apparent that the PIV datasets from the three nozzle sizes collapse on each other for a
given α and Reynolds number, in agreement with the results shown in Figure 4. Also, the data
from the smallest nozzle (S) suffer from the largest measurement errors and inaccuracies, while data
from nozzles M and L display a more convincing collapse and agreement with the results of the
axisymmetric simulations.

We conclude that the data observed experimentally for the three nozzle sizes confirm the depen-
dence of the nondimensional velocity on α and Reynolds number (either ReD or ReL) and validate
the application of the Buckingham π theorem to the counterflow configuration as discussed in this
work. Recall that the Buckingham theorem does not provide guidance on choosing the relevant
dimensional parameters that enter the analysis, so that the selection of such variables amounts to
a postulate and is specific to the configuration. Thus, our data, both experimental and numerical,
show that the dimensional variables included in the analysis (e.g., U, D, L, and ν) are the only
variables that govern the flow in between two opposed nozzles and are sufficient to scale the flow
entirely.
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FIG. 5. (a) Nondimensional axial velocity component −u/U versus z/D along the centerline and (b) nondimensional radial
velocity component v/U versus r/R at the stagnation plane. Data are shown for various values of the separation ratio
α = 0.5, 1, 1.5, 2 (left to right) ReL: ReL= 300 (open circles), 600 (solid circles), 900 (open squares), and 1200 (solid
diamonds). The arrow indicates the direction of increasing Reynolds number. Solid lines represent data from simulations.
Colors represent data from the three nozzles: S (green), M (blue), and L (red). In the case of α = 2, the data for ReL = 300
are not shown and only PIV data from the nozzle S are available. In each figure, the axial velocity scalings implied
by the theories of Chapman and Bauer16 (du/dz =−2U/L =−4U/(αD) and dv/dr =U/L = 2U/(αD)) and Spalding1

(du/dz =−2U/D and dv/dr =U/D) are shown with solid straight lines marked by the labels “C” and “S,” respectively.

C. Separation ratio and Reynolds number effects

Based on the data in Figure 4, it is apparent that the axial velocity displays an important
dependence with respect to the separation ratio α. The results shown in Figure 5 support similar
conclusions. This dependence is explored further in Figure 6 where detailed data on the axial
velocity component for ReD = 1200 and various values of α are shown.

Far upstream in the internal flow region, the flow fields in the three cases are largely identical
because ReD and the wall boundary layer thickness δw are the same. A first important difference
between the three cases pertains to the spatial distribution of the axial velocity field near the exit
plane of the nozzle. As the separation ratio decreases, the −u/U velocity field becomes more inho-
mogeneous, with a high-velocity region appearing at r/D ≈ 0.5. Clearly, this region of high axial
velocity is related to the slowing down of the fluid near the centerline as is also apparent in Figure 4.
Near the stagnation plane, the velocity and pressure fields retain the same qualitative features for all
separation ratios.

Along the centerline, the axial velocity −u/U increases moving away from the stagnation point,
reaching a maximum at z/D ≤ 1 for all separation ratios (Figure 5). The radial velocity v/V in-
creases monotonically away from the centerline (Figure 5). The maximum axial velocity along the
centerline increases with increasing separation ratio and its location moves further upstream as α
increases. For α = 2, the maximum is located at the nozzle exit plane. The greatest modifications
to the flow occur when the separation ratio increases from 0.5 to 1, while the differences between
the velocity fields for α = 1, 1.5, and 2 (not shown in Figure 6) are more subtle. This trend is also
confirmed by the data shown in Figure 4, where the radial profiles for α = 1.5 and 2 are almost
identical and very similar to those for α = 1. In other words, provided α is large enough, the flow
field becomes independent of the separation ratio.
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FIG. 6. Contour plots of (a) axial velocity −u/U and (b) pressure (p− p∞)/ρU2 for ReD = 1200 and three separation ratios
α = 0.5, 1, 1.5 (left to right). Note that the color scale is different in each pressure contour plot for the sake of clarity. In
all plots, the thick solid and thick dashed black lines indicate the isocontours −u/U = 1 and v = 0, respectively. Data from
simulations.

The flow field at the exit plane of the contoured nozzle (indicated by a dashed vertical line
at z/L = 1 in Figure 5) is not characterized by −u/U = 1 and v = 0: −u/U ≈ 0.6 for α = 0.5,
−u/U ≈ 1 for α = 1, and −u/U > 1 for α ≥ 1.5. On the nozzle’s exit plane, the axial velocity
displays an axial gradient, which is more significant for small separation ratios and decreases for
larger separation ratios.

The modifications to the incoming flow field are related to the formation of a high pressure
region centered at the stagnation point. It is apparent from Figure 6 that the strength of the high
pressure region depends on the separation ratio. The maximum value of the nondimensional pres-
sure difference (p − p∞)/ρU2 is equal to 1.6, 0.7, and 0.5 for α = 0.5, 1, and 1.5, respectively. This
interaction is governed by the separation ratio α.

Due to the interaction of the two opposing nozzles, the axial velocity at the nozzle exit plane is
not uniform, even in the limit of relatively large separation distances and contoured nozzles. These
conclusions are in agreement with the trends reported in the work of Sarnacki et al.7 from PIV-based
velocity measurements in counterflow flames for various separation ratios and contoured nozzles.

In Figure 5, axial and radial velocity data are shown for various values of the Reynolds number.
For both velocity components, Reynolds number effects are apparent, although not significant. As
the Reynolds number increases, −u/U and v/V decrease over the entire axial and radial ranges. This
leads to shallower gradients and lower strain rates in the potential flow region and a lower value
of the maximum axial velocity away from the stagnation plane. Reynolds number effects are more
pronounced for larger separation ratios.

Solutions to the one-dimensional model by Chapman and Bauer16 and the axisymmetric simu-
lations indicate that the contribution of viscous forces to the velocity balance near the stagnation
plane is negligible for ReL ≥ 100. We conclude that Reynolds number effects in the counterflow are
not due to viscous forces in the stagnation flow region but rather due to the effect of the interior wall
boundary layer on the axisymmetric inviscid stagnation flow. As ReD increases, the wall boundary
layer becomes thinner and the axial velocity on the centerline decreases. This mechanism is less
important for lower values of α as shown in Figure 5 where the velocity components for α = 0.5 do
not change appreciably as the Reynolds number of the flow varies.

D. The stagnation point region and the strain rate parameter

The velocity data in Figure 5 indicate that the flow near the stagnation point conforms closely
to an axisymmetric potential flow,1 whereby the axial and radial velocity components vary linearly
with the axial and radial coordinates, respectively. In this region, the flow is described uniquely by
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FIG. 7. Nondimensional strain rate k = dv/dr at the stagnation point as a function of the Reynolds number for various
values of the separation ratio α. Experimental data with the medium (M) and large (L) size contoured nozzles are shown
as symbols for α = 0.5, 1, 1.5. Thick solid lines represent axisymmetric simulations for contoured nozzles, while thin solid
lines represent simulation results for straight nozzles. See Sec. II B for geometrical details. In (a), the strain rate is nondi-
mensionalized with U/D and plotted versus ReD =UD/ν, and the dashed line (“SPAL”) represents the nondimensional
gradient implied by the theory in the work of Spalding.1 In (b), the strain rate is nondimensionalized with U/L and plotted
versus ReL =UL/ν, and the dashed line (“CB”) represents the nondimensional gradient implied by the model of Chapman
and Bauer.16 The right-hand axis in (b) displays the values of the nondimensional scalar dissipation rate at the stagnation
plane χ0H/U = (4kL/U )/π according to the one-dimensional mixing solution in the potential flow region (Eqs. (4) and (6)
and related commentary for details).

the strain rate parameter k. If we let k = dv/dr indicate the radial gradient of the radial component
of the velocity, then du/dz = −2k due to continuity.

Judging by the linearity of the velocity components, the potential flow region extends up to
z/D ≈ 0.25 for all separation ratios (Figure 5). Radially, the region extends up to r/R ≈ 0.3 for
α = 0.5 and r/R ≈ 0.5 for α ≥ 1 (Figure 5). Our results are in good qualitative agreement with the
observations in the work of Liñán,19 where the potential flow region was reported to extend up to
r/R = 0.5 in counterflow configurations with α = 0.5 and ReD > 1000.

A comprehensive analysis of the strain rate at the stagnation point is presented in Figure 7,
where experimental data for contoured nozzles are reported together with results from axisymmetric
simulations for both contoured and straight nozzles. For the sake of clarity and completeness, the
numerical and experimental data are reported with two different nondimensionalizations, which
are consistent with the models of Spalding1 (Figure 7(a)) and those of Chapman and Bauer16

(Figure 7(b)). Linear approximations to the axial and radial velocity components according to these
two scalings are shown alongside experimental data in Figure 5 also.

The model by Spalding implies that the strain rate k at the stagnation point of a counterflow
scales as U/D.1,24 This scaling is usually referred to as potential flow scaling. The flow between
porous disks model16 implies that the strain rate k scales as U/L in the limit of large ReL when
viscous effects at the stagnation plane are negligible. This scaling corresponds to that associated
with the effective strain rate11,15 proposed by Williams6 for reactive flows and streams with unequal
densities.

1. Dependence on separation ratio

The data in Figs. 5 and 7 document the sensitivity of the strain rate at the stagnation point with
respect to departures from ideal inviscid flow fields outside the potential flow region as assumed by
either model. In particular, recall that neither the Spalding1,24 nor the Chapman and Bauer16 model
includes an explicit dependence of the strain rate at the stagnation plane on the separation ratio α.

The normalized strain rate decreases with increasing Reynolds number for each value of the
separation ratio α, regardless of the normalization strategy. The strain rate tends to an asymptotic
limit for large values of the Reynolds number and the asymptotic value depends markedly on the
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separation ratio α. Another aspect worth noting is that the sensitivity of the normalized strain
rate to the Reynolds number is higher at lower Reynolds numbers and larger separation distances.
Moreover, the onset of the asymptotic behavior occurs at larger values of the Reynolds number for
larger separation ratios α.

Consistently with the data on the velocity components discussed in the commentary to Figure 6,
the strain rate displays an important dependence on the separation ratio. Although the dependence
of the normalized strain is apparent for either scaling, the behavior differs in the two cases. In
Figure 7(a), for a given value of the Reynolds number, the strain rate normalized by U/D decreases
monotonically with increasing α. The opposite occurs when the strain rate k is normalized by L/U,
so that kL/U increases for increasing values of α (Figure 7(b)). The Spalding theory implies that
kD/U = 1, while the data in Figure 7(a) indicate that actual strain rates are higher, although the
agreement does improve for large values of α and large values of ReD. For example, for α = 1.5 and
ReD = 1000, kD/U ≈ 1.3 and the actual strain rate is about 30% higher than the Spalding limit.

The nondimensional strain rate kL/U implied by the model of Chapman and Bauer16 is a weak
function of ReL and approximately equal to its asymptotic value kL/U = 1 for ReL ≥ 50. Unless
otherwise noted, the model assumes that uniform axial velocity equal to U and zero radial velocity
at a distance L from the stagnation point. This scaling overestimates the actual strain rate at the
stagnation point considerably for α = 0.5 and α = 1, but it happens to be quite accurate for α = 1.5
at intermediate values of the Reynolds number. Finally, the strain rate for α = 2 is overestimated
greatly. The strain rate shown in Figure 7 and the axial and radial velocity profiles in Figure 5 agree
with the generally held notion that the strain rate at the stagnation point in an actual counterflow
falls between the potential flow1 and the flow in between porous disks,16 at least for separation ratios
up to ≈1.5.

In the case of the normalization by U/D, shown in Figure 7(a), it is clear that the normalized
strain rate kD/U loses its dependence on α for α ≥ 1.5, while no such limiting behavior is apparent
for kL/U in Figure 7(b). Although kD/U loses its dependence on α when the separation ratio is
large enough, the data shown for either scaling approach do not support the existence of a limiting
behavior with respect to decreasing values of α (α → 0), at least down to the smallest separation
ratio considered (α = 0.25).

2. Dependence on Reynolds number

As discussed in the commentary to Figure 5, the sensitivity of the strain rate k to the Reynolds
number and separation ratio originates from the effect of those two nondimensional groups on the
axisymmetric inviscid flow away from the stagnation point. Recall that viscous effects are localized
in the developing wall boundary layer inside the nozzles (see Sec. III A), the thickness of which is
controlled by ReD or ReLα/2. As the wall boundary layer thickness changes in response to chang-
ing values of the Reynolds number, so does the centerline velocity, which affects the strain rate k.
Higher Reynolds numbers imply thinner boundary layers, resulting in lower centerline velocities
and lower strain rates.

It is also apparent that the sensitivity of k to the Reynolds number vanishes with decreasing
separation ratio. Thus, as α decreases, the role of the wall boundary layer thickness diminishes and
is superseded by that of the high pressure region (see Sec. III B). For small values of α and large
pressure differences, the high pressure region controls the incoming velocity field in the transition
and stagnation flow regions. Although the pairs (ReD,α) and (ReL,α) are equivalent for the purpose
of identifying a unique flow configuration (ReD = 2ReL/α), the fact that normalizing the strain rate
by U/D results in an asymptotic behavior of the velocity field for large α suggests that Reynolds
number effects in counterflows are parametrized more conveniently by ReD, rather than ReL.

3. Dependence on geometry: Contoured vs. straight nozzles

In an effort to quantify further the dependence of our conclusions on the geometry of the
contoured nozzles and the role of the interior boundary layer, axisymmetric simulations, albeit
not experiments, are repeated for straight nozzles and are shown in Figure 7. Comparisons are
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carried out for the same values of Re and α, so that the only difference between the two nozzle
geometries is related to contouring, which hinders the growth of the boundary layer on the interior
wall.

As shown in Figure 7, for the same values of the nondimensional groups Re and α, our data
indicate that the nondimensional strain rates in counterflows with straight nozzles are larger than
in those featuring contoured nozzles. This behavior points to higher centerline velocities in straight
nozzles compared to contoured ones as a result of thicker wall boundary layers. Moreover, it is clear
that differences in the strain rate obtained with the two nozzle designs are small for small separation
ratios, becoming more significant as the separation ratio increases.

We conclude that the details of the nozzle geometry are most important for low Reynolds
numbers and large separation distances. As the Reynolds number increases, the relative variation
of the boundary layer thickness with Reynolds number diminishes (δw/D ∝ Re−1/2

D ), explaining the
decreasing sensitivity of the strain rate to ReD at high Reynolds numbers. Furthermore, the limited
sensitivity of the flow field with respect to Re at low values of α is evidence that, for small nozzle
distances, the pressure field controls the strain rate at the stagnation point, rather than viscous
effects. Our data suggest that comparisons of flow fields across counterflow setups with dissimilar
nozzle geometries are best conducted in the limit of small α and large values of the Reynolds
number.

E. Mixture fraction and scalar dissipation rate

The steady equation describing the distribution of a conserved scalar with Schmidt number
Sc = ν/Γ = 0.7965 (Γ is the constant diffusion coefficient) is solved for contoured and straight
nozzles. The scalar Z is equal to 0 for one stream and 1 for the other. In the analysis that fol-
lows, data from axisymmetric simulations are used since the mixture fraction Z was not measured
experimentally.

Figure 8(a) shows Z(η) (η = z/L) for α = {0.5,1} and various Reynolds numbers. The data
are extracted from two-dimensional solutions along the centerline. In the stagnation region and
outwards for r/D ≤ 1, the mixture fraction field is one-dimensional and Z(z,r) = Z(z) only, so
that the profile along the centerline is sufficient to fully characterize the mixture fraction field. It is
apparent that the mixing layer extends across the stagnation plane and is confined to a small region
of the domain −1 ≤ η ≤ 1. The region of the flow where the two streams mix becomes smaller as
the Reynolds number increases. The profiles are such that Z(η) = 1 − Z(−η) and Z(0) = 0.5 due to
the boundary conditions Z(−1) = 0 and Z(1) = 1 and the symmetry of the velocity field.

FIG. 8. (a) Profiles of Z (η) (η = z/L) for α = {0.5,1} and various Reynolds numbers. The data are extracted from two-
dimensional solutions along the centerline. (b) Mixing layer thickness δZ = [max{dZ/dz}]−1 for Sc= 0.7965, normalized
by the nozzle separation distance H as a function of the Reynolds number ReL for various values of the separation ratio α:
0.5 (red squares), 1 (blue circles), 1.5 (green diamonds), and 2 (black pentagons). Data from axisymmetric simulations for
contoured and straight nozzles are shown as lines with solid and open symbols, respectively. (c) Compensated nondimensional
mixture fraction gradient at the stagnation point, −Z ′(0)/Re0.5

L , versus the nondimensional (axial) strain rate −β = 2kL/U .
Symbols are as in (b) and the one-dimensional model solution (see Eq. (4)) is shown as a solid line.
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Figure 8(b) shows the mixing layer thickness δZ, defined as δZ = 1/max{dZ/dz}, normalized
by the nozzle separation distance H . Since Z is defined between 0 and 1, this corresponds to an
equivalent thickness of a linear profile having a slope equal to the maximum slope of the Z profile in
the mixing layer.

We hasten to note that, whether the thickness is defined by using scalar levels or as δZ =
1/max{dZ/dz}, the scaling of the thickness with relevant parameters remains the same. The
maximum gradient of the mixture fraction is preferred here because it provides a compact and
convenient analytical expression for the thickness as shown later.

For all conditions considered, δZ/H ≤ 0.1, indicating that the mixing layer occupies a small
fraction of the region between the nozzle exits. If normalized by the nozzle diameter rather than the
separation distance, we have δZ/D ≤ 0.1α ≤ 0.2 for α = 2.

According to the boundary layer theory2 and in the limit of large Reynolds numbers, one has
δZ/H ∼ (ReLSc)−0.5. In actual counterflows and for large, albeit finite values of ReL, the depen-
dence of the strain rate at the stagnation point on α and ReL causes the mixing layer thickness to
show a power law behavior with an exponent that deviates from −0.5. As shown in Figure 8(b), the
difference in the exponent is more pronounced for larger values of α.

The small thickness of the mixing layer across the stagnation plane indicates that mixing occurs
inside the potential flow region, where the axial velocity is a function of the axial coordinate z and
varies linearly as u = −2kz. Upon normalization of the transport equation by the length and velocity
scales L and U, one formulates the following ordinary differential equation (ODE):

βZ ′η =
1

ReLSc
Z ′′, (1)

where η = z/L, β = −2kL/U is the nondimensional (axial) strain rate, and (·)′ indicates differenti-
ation with respect to η. Equation (1) is solved analytically with the boundary conditions Z(0) = 0.5
and Z → 0 for η → ∞ (equivalent to Z(1) = 0 for ReLSc → ∞) to obtain16

Z(η; ReL,Sc) = erfc(µ)/2, (2)
µ = η[−βReLSc/2]1/2. (3)

Due to the form of the similarity variable µ in Eq. (3), an important implication is that, if ReL is
large enough and mixing occurs in a thin region, the nondimensional (axial) strain rate β is the
sole feature of the velocity field that affects the mixing field. Thus, as far as the mixing field is
concerned, the details of the velocity field in regions away from the stagnation plane are relevant
only to the extent to which they control the strain rate β.

Based on the solution to the one-dimensional model for the transport of mixture fraction in the
potential flow region (Eq. (2)), the nondimensional gradient of Z at the stagnation plane is

− Z ′0 =
1
√

2π
[−βReLSc]0.5. (4)

In Figure 8(c), the value of Z ′0 obtained from axisymmetric simulations of the mixing field is
compared to that from the model in Eq. (4) and shown as a function of the nondimensional axial
strain rate −β. The reported gradient is compensated by Re0.5

L for clarity. The mixture fraction
gradient from the one-dimensional model is identical to that obtained from the axisymmetric model
for all separation ratios considered and for both contoured and straight nozzle geometries. This
perfect agreement is due to the behavior of the flow field in the limit of high Reynolds number,
which confines mixing to the potential flow region.

If we define the scalar dissipation rate as

χ = 2Γ(dZ/dz)2, (5)

Eq. (4) leads to the important result that

χ0H
U
= −2β

π
=

4kL
πU

, (6)

where χ0 is the scalar dissipation rate at the stagnation point, which corresponds to the maximum
value of χ in the mixing layer. Equation (6) indicates that the nondimensional scalar dissipation rate
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is proportional to β, the nondimensional axial velocity gradient rate at the stagnation plane. The
nondimensional scalar dissipation rate χ0H/U is shown in Figure 7(b).

In the limit of large ReL, the one-dimensional model with boundary conditions |u(±1)| = U
implies β → −2 and χ0 = 2U/(πL) = 4U/(πH).16 Thus, for large enough Reynolds numbers, χ0 is
a function of the characteristic strain rate parameter U/L and is independent of the Reynolds and
Schmidt numbers, i.e., independent of the molecular properties of the fluid.

This limiting behavior makes counterflow configurations well suited for studies on the effect
of mixing rates on molecular processes, e.g., chemical reactions in flames. In the limit of high
Reynolds number, the characteristic strain rate U/L (or U/H) can be adopted as the sole govern-
ing parameter that describes the response of the system to mixing, i.e., any Reynolds or Schmidt
number dependencies are negligible.

In practice, counterflow setups with nozzles of a given diameter D are operated at constant
separation ratios α, and variations in the scalar dissipation rate are obtained by changing the bulk
flow velocity U. Thus, as U is adjusted, ReL also varies and the constant of proportionality linking
the scalar dissipation rate to the characteristic strain rate parameter U/L decreases with increasing
Reynolds number. As shown in Figure 7, the dependence of χ0H/U on ReL is important and is
far from reaching its asymptotic limit under most practical conditions at low to moderate Reynolds
numbers. Consequently, the ratio of the scalar dissipation rate to the parameter U/L is not constant
in general, so the response of the system observed experimentally should not be parametrized only
by U/L without taking into account the dependence of the velocity and mixing fields on ReL and α.

IV. SUMMARY AND CONCLUSIONS

We have performed a systematic analysis of the velocity and mixing fields in a counterflow
configuration, combining measurements via Particle Image Velocimetry (PIV), detailed axisym-
metric simulations including the nozzle geometry. Results have been presented for straight and
contoured nozzles.

Our experimental and numerical results indicate that the Reynolds number ReD = UD/ν and
the separation ratio α = H/D are the sole nondimensional parameters governing the velocity and
mixture fraction fields in this configuration. These conclusions are consistent with a straightforward
application of dimensional analysis and have been confirmed experimentally and numerically over
a broad range of Reynolds numbers (200 ≤ ReD ≤ 4800), separation ratios (0.25 ≤ α ≤ 2), and for
three nozzles of different sizes (D = 7.5,15,30 mm).

The nondimensional velocity, mixture fraction fields, and the strain and scalar dissipation rate
at the stagnation point are found to depend mostly on the separation ratio and, to a lesser extent,
on the Reynolds number. At moderate to low Reynolds numbers (e.g., ReD < O(100)), the fields
show a dependence on the Reynolds number, which is more significant for larger separation ratios.
At high Reynolds numbers, the flow and related quantities attain a limiting behavior which depends
solely on the separation ratio. The onset of this limiting behavior occurs at lower Reynolds numbers
for smaller separation ratios.

When normalized by the bulk velocity U and the nozzle diameter D, all flow quantities become
independent of the separation ratio for α ≥ 1.5, while there does not appear to be a limiting
behavior for the flow fields as the separation ratio α decreases to the smallest value considered,
α = 0.25.

The strain rate at the stagnation point, defined here as the radial gradient of the radial velocity
component (k = dv/dr), depends markedly on Re and α. The scaling of k is shown to fall between
the Spalding potential flow limit (k ∝ U/D) and the Chapman and Bauer flow limit (k ∝ U/H) for
the wide range of separation ratios and Reynolds numbers characterized numerically and experi-
mentally.

At moderate to large separation ratios (i.e., α = 1, 1.5, 2 in the present study), the thickness
of the wall boundary layer on the inner surface of the nozzles affects the inviscid, axisymmetric
flow field in between the nozzles by changing the axial velocity away from the stagnation plane.
This indirect effect is suitably described by the Reynolds number based on the nozzle diameter,
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ReD. Conversely, at small separation ratios (i.e., α = 0.25, 0.5), the flow field is insensitive to the
thickness of the wall boundary layer and is instead controlled by the high-pressure region forming at
the stagnation point.

By comparing results with contoured and straight nozzles, we observed that the flow field is
insensitive to contouring for small separation ratios, but there is a more marked sensitivity of the
flow to nozzle geometry at larger separation ratios. The differences in the flow fields obtained with
the two types of nozzle become less pronounced as the Reynolds number of the flow increases.

In the range of Reynolds numbers considered (ReL ≥ 300), the axisymmetric mixing field
exhibits the expected scaling behavior, so that χ0 = 2k/π, where χ0 is the scalar dissipation rate
at the stagnation point. Consistent with the limiting behavior of the strain rate k, χ0L/U → const
for large Reynolds numbers, although the asymptotic value of the nondimensional scalar dissipation
rate depends on the separation ratio α and differs from the value obtained for the one-dimensional
model uniform flow conditions at the nozzle exit planes.

We remark that the normalized scalar dissipation rate reaches an asymptotic limit only for very
large Reynolds numbers, e.g., ReD ≫ 1000 for α ≈ 1, so that, in practice, counterflow burners are
operated under conditions away from any limiting behavior. Hence the ratio between the scalar
dissipation rate and the characteristic strain rate parameter U/L is not constant but is rather a func-
tion of the Reynolds number. In simple terms, as the bulk velocity increases for a given geometry,
the scalar dissipation rate does not increase at the same rate.

We anticipate that the data originating from our study will aid the design and operation of
practical setups, e.g., next-generation counterflow burners for combustion applications at elevated
pressures.
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