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Measurements and predictions are made of a short-cowl coflowing jet with a bypass ratio of 8:1. The Reynolds
number is 300,000, and the inlet Mach numbers are representative of aeroengine conditions. The low Reynolds
number of the measurements makes the case well suited to the assessment of large-eddy-simulation-related
strategies. The nozzle concentricity is carefully controlled to deal with the emerging metastability issues of jets with
coflow. Measurements of mean quantities and turbulence statistics are made using both laser Doppler anemometry
and particle image velocimetry. The simulations are completed on 6 x 10°, 12 x 10°, and 50 x 10° cell meshes. To
overcome near-wall modeling problems, a hybrid large-eddy-simulation—Reynolds-averaged-Navier—Stokes-
related method is used. The near-wall Reynolds-averaged-Navier—Stokes layer is helpful in preventing nonphysical

separation from the nozzle wall.

Nomenclature
A Jacobian, d®/d¢p
A, A,, = turbulence model constants
Cys CM
¢y ¢, = specific heat capacity at constant volume and
constant pressure
D _ = bypass nozzle diameter
d, d = wall distance and modified wall distance

total energy per unit volume
internal energy per unit mass
turbulent kinetic energy

thermal diffusivity and turbulent thermal diffusivity
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modeled turbulence length scales
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= temperature
» Ty = primary-flow exit temperature and bypass-flow exit
temperature.
t = time
I = nondimensional time
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U,, U, = primary-flow exit velocity and bypass-flow exit
velocity.

u,v,w = velocity components

x,y,z = Cartesian coordinates

y* = Reynolds number

8 = Kronecker delta

e = smoothing parameter

€05 €1 = tunable constants in Hamilton—Jacobi equation

s b, = viscosity and eddy viscosity

P = density

o/ = diffusion Prandtl number for k

T = stress tensor

D, ¢ = flux and primitive variable

! = fluctuating value

S0 = time-averaged values

Subscripts

f = control-volume face

L,R = left- and right-hand nodal values

T = distinguishing different values in Reynolds-averaged

Navier—Stokes and numerical large-eddy-simulation
regions.

I.

HE propulsive jet from an aircraft engine remains a signifi-

cant noise source, particularly at takeoff. Hence, with strin-
gent requirements to reduce noise [1], jet noise is an important
research area. Turbulent motion in the jet generates noise that
propagates to the far field. Hence, understanding jet noise neces-
sarily involves studying complex turbulent flow and understanding
jet aerodynamics.

A problem of Reynolds-averaged-Navier—Stokes (RANS) models
for jets is that different constants are required in the near and far fields
and for different jet-flow types [2]. No satisfactory solution to this
has been found in the last 30 years. However, the major issue for
RANS-based predictions is not calculating the mean flow but noise
predictions. Because of their implicit time averaging, RANS-based
approaches remove the spectral information needed for noise
predictions.

Large-eddy simulation (LES) provides an alternative to RANS
that can, even on quite coarse grids [3,4], predict correct trends. As
discussed by Pope [5], a compelling case for the use of LES can be
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made for momentum, heat, and mass transfer in free shear flows. In
this case, the transport processes of interest are effected by the
resolved large-scale motions with a cascade of energy from the
resolved large scales to the statistically isotropic and universal small
scales. LES is useful for jet aerodynamics and ultimately noise
predictions, because spectral information of the larger scales is
resolved for. In jet shear layers, small scales have little influence on
the large [6], suggesting the modeling of back scatter (as facilitated
by more advanced LES models) is relatively unimportant. In a
turbulent jet, most downstream noise is generated by large structures
at the tip of the potential core. Therefore, there are strong reasons to
expect LES to be successful in, for example, capturing the major
noise sources. Several studies have proven the potential of LES for
jets [4,7-13]. The status of jet predictions using LES are reviewed in
[14]. The majority of these simulations do not include the nozzle
geometry in the domain; an imposed velocity profile is preferred
instead. This is primarily done for convenience and simplicity, as
including the nozzle would make calculations costly due to near-wall
modeling issues.

Many industrial computational-fluid-dynamics (CFD) solvers
naturally display dissipative qualities [15]. Also, low-order nu-
merical discretizations can be as influential as the subgrid scale
(SGS) model [16,17]. This means it can be difficult to disentangle the
effect of numerics and SGS modeling. Because the code being used
here (as with the majority of industrial-based solvers) tends toward
being dissipative, omitting the SGS model can be helpful; otherwise,
excessive dissipation can occur [3]. Model free computations can be
termed implicit LES (ILES) and have been shown to capture some
complex jet dynamics well [12]. The nature of the ILES approach is
fully detailed in [18]. It uses monotone schemes to provide appro-
priate levels of numerical viscosity to replace that of the SGS model.
Shur et al. [3] successfully use ILES-reminiscent simulations for jet
predictions. In the current work, the SGS model is also omitted.
However, following Pope [3], the term numerical LES (NLES) is
used rather than ILES. The implication being that the numerical
elements of the scheme are significantly active, no claim being
made that the numerical contributions represent an especially good
SGS model.

More recently, there has been work toward coupling the jet
plume to the explicit nozzle geometry. Examples of this include,
amongst others, axisymmetric flows [7,19-21], coflowing [22-27],
and bevelled [28,29] and chevron [30,31] jets. Modeling the nozzle
boundary layer is challenging; for example, there are numerous small
near-wall streaklike structures. These require fine, computationally
expensive, cross-stream grids. Hybrid LES-RANS-type approaches
are useful, as they can accurately capture the bulk properties of the
boundary layer and circumvent the near-wall streak resolution issues.
Perhaps the most common realization of this is the detached-
eddy-simulation (DES) method [32]. In the current work, a k—/ [33]
near-wall RANS model is used, with NLES being used away from
walls. The method circumvents near-wall streak resolution issues.
The disparate-length scales in the two zones are blended using a
(differential) Hamilton—Jacobi (HJ) equation. This approach has
been used before to explore simple jets and also chevron nozzles
[13,21,34]. Here, the previously validated method is extended to
explore more complex coflowing jets.

In addition to the modeling issues of LES, for fluid dynamics in
general, practitioner expertise is still required, and the triad of
computation, measurement, and analytical solution must be judi-
ciously used. For this triad to be successful, measurements must yield
uncontaminated turbulent statistic data. For jets, boundary layers are
generally much thinner than can be modeled using many LES
strategies. This makes serious assessment of numerical modeling
difficult. Also, nominally axisymmetric coaxial flows can be very
sensitive to small nozzle distortions [35], potentially rendering much
past data for this configuration questionable. It has taken a surpris-
ingly long time for this to come to light. However, this aligns with
other work [36,37] that strongly advocates the need to model real
geometry influences. Here, a small-scale nozzle system is used that
negates modeling realistic engine conditions. Also, the inlet condi-
tions are not representative of those found on a real engine (lower

Reynolds number and isothermal). However, the rig provides
valuable data for computer model validation, and the study offers the
opportunity for a direct and detailed comparison of calculations and
experiments. At present, for much of the computational work carried
outin the field of jet noise, there is a lack of detailed measurements to
provide validation and even basic understanding of the flow physics
[38], hence making this work important.

Recently, pioneering particle image velocimetry (PIV) work has
been carried out for a single-stream nozzle [39,40]. Such data can be
used to develop and validate improved jet-flow-prediction proce-
dures, as discussed by Birch et al. [35]. In the current work, PIV and
laser Doppler anemometry (LDA) measurements are presented for a
coflowing nozzle geometry. Both streams are isothermal, eliminating
expansion and contraction problems associated with metal heating,
which may exaggerate the symmetry issues previously mentioned.

II. Numerical Method
A. Governing Equations
The Navier—Stokes equations are solved in their compressible
form. Hence, conservation of momentum can be expressed using

- 2l 1
ot ox; ox; + 0x; M

where u; is fluid velocity, p is density, u is viscosity (evaluated from
Sutherland’s equation), p is static pressure, ¢ is time, and x is the
spatial coordinate. The stress tensor 7;; is given by

- -~ lou;
T =2(1+ jir) |:Sij - ggjai_/] (2)
where §;; is the Kronecker delta. The strain-rate tensor is expressed as
= 1 (0i; du;
Sij—z(a—xj‘f'a—xi) 3)

The tilde and the T subscript in the previous equation help identify
that near-wall traditional RANS averaging is assumed and that,
elsewhere, NLES is implemented. Hence, in the RANS region,
r = I, the eddy viscosity. In the NLES region, effectively, puy is
the numerical diffusion. Along with the previous equation, the
following energy equation is solved,

0B 0 =9 3
oL o+ % i (E = (1,7) - 4
g T+ Pl=g ) g @
with the total energy per unit volume expressed as
E = pe + Lpii;it; )

In the previous equation e = cvf, where c,, is the constant volume
specific heat. Pressure, temperature, and density are related through
the equation of state for a perfect gas, p = pRT. For the heat flux g,
the following is used:

. aT
g =—(k;+ kr) Frs (6)

J

In the previous equation, k; is the thermal conductivity and
kr=c¢, Kr /Pry, where ¢, is the specific heat at const.ant pressure
and Pr is the turbulent Prandtl number. It follows that, in the NLES
zone, because ity = 0, k; = 0. The continuity equation to go with the
previous equation is

dp |, 0pi;
— =0
ot + 0x

J

()

B. Near-Wall Modeling

An LES practice is to take the modeled turbulence length scale as
min(C,A, ky) [41], where C,; and « are the Smagorinsky and
Karman constants, respectively. For an LES-type grid, this will
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introduce (mixing length) RANS modeling for y* <« 60. Here, to
reduce grid demands but still maintain the higher-LES fidelity, we
switch between RANS and NLES at y*™ & 60, covering over just the
near-wall streak structures having the finest scales. Hence, the switch
is much closer to the wall than for DES (for which the whole
boundary layer is RANS modeled) but further out than for LES.
Validation of the current approach can be found in [13,42,43].
Different values of y* for a jet with coflow are explored in [42]. For
an interface at y© < 60, the law of the wall was not captured properly.
Hence, here, the y* value of 60 is chosen. This allows the fullest
extent of the NLES region while capturing the law of the wall.

For the near-wall RANS region, the k—/ model [33] is used.
Following Shur et al. [25], and to save computational time, the
developed RANS layer is generally frozen. The modeled turbulent
kinetic energy k equation is as follows,

dpk | dpuk 9 w,\ [0k pk3?
W—’_ ax,  Ox; M+ok Ox; + Pir I ®

where P, is the turbulence production term. In the NLES region,
k = 0. For the RANS region, then

1y = pC, L, k' ©)

whn

where the length scale of Eq. (9) is given by

1, =Cd(1—e ") (10)
and the length scale of Eq. (8) is given by

l,=Cd(1— e (11)

and y* = dpk'/>C)/*/j1. Constants have the following standard
values: C, = 0.09,C, =2.4,A, =0.016,A, = 0.263,and 0, = 1.0
(the diffusion Prandtl number for k).

For the RANS region, the exact wall distance d is required,
whereas in the NLES region, d is zero. Hence, a separate variable dis
defined, where in the RANS region, d=d , and in the NLES region,
d = 0. The distance function d is evaluated from the HJ equation:

|Vd| =1 + f(d)V?d + g(d) (12)

The first two terms of Eq. (12) give the eikonal equation, which
gives the d needed for the RANS zone. The blending between the
RANS and LES zones is achieved by the addition of a Laplacian
(given by the third term). In Eq. (12), f(d) = &yd and g(d)=
£,(d/L)". The length scale L is the distance from the wall to the
NLES region, and n is a positive integer. The function f(d) forces the
Laplacian to tend to zero near walls. The function g(d) helps to bias
the blending. Figure 1 shows various distributions that can be formed
for different ¢, and e,. The HJ equation can either be solved for
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a) Wall distance function between RANS
and NLES regions

directly in HYDRA code or a polynomial fit to a particular distri-
bution can be used to control d. The latter option is used here with
n~>~4, e ~ 1.2, and ¢, >~ 7.5. The RANS layer is also cropped at
the nozzle-exit plane, so that the RANS layer does not extend into the
shear layer. The influence of different values for n, &, and ¢, are
explored in [13]. Results were found to be relatively insensitive to the
precise smoothing parameters used. Hence, here, a smoothing profile
that lies in the middle of the range explored in [13] is used.

C. Solution of the Governing Equations

The unstructured, cell vertex, Rolls—Royce Group, PLC HYDRA
code [15] is used for the calculations. The flux at the control-volume
interface is based on the flux difference ideas of Roe [44]. The
inviscid flux at a control-volume face @, is expressed as

(Df = %(CDL + Pp) — %|A|[¢L — ¢x] (13)

where A =0®/0d¢ (¢ represents primitive variables), and the
subscripts L and R represent variables based on information to the
left- and right-hand side of the face. Here, ®; and ®; are simply
taken as the adjacent nodal values [45] (i.e., (P, + Py)/2 represents
a standard second-order central difference). The smoothing term is
also approximated in a second-order fashion as

HAllpL — ¢r] = el AV ¢ — Vig] (14)

where ﬁi and @i are undivided Laplacians evaluated at the node
locations L and R. The constant ¢ is tunable, with the standard
HYDRA value being 0.5. Following Shur et al. [3], the & term has the
static spatially varying distribution shown in Fig. 2. To help prevent
reflection of spurious waves, the smoothing is a minimum in the most
active turbulent regions and increases toward the domain boundaries.
To aid stability, smoothing is also increased at the nozzle exit. Too
low a value of ¢ is not helpful for accuracy, because the dispersion
error becomes significant. The term |A| in Eq. (13) involves differ-
ences (and summations) between the local convection velocity and
speed of sound. As the Mach number tends to unity, key terms in |A|
become small. However, near walls, |A| becomes large. This will
contaminate the LES scales but (here) helpfully, they are covered by
the RANS layer. For the temporal discretization, an explicit five-
stage Runge—Kutta scheme is used.

As shown in [46], the numerical viscosity for the current scheme
(for homogeneous decaying turbulence) is of the same order of
magnitude as that provided by the Smagorinsky SGS model. This is
consistent with the expectations of Ghosal [17] and Kravchenko and
Moin [16] that show that, for a second-order numerical scheme and a
standard filter size, the numerical contribution will dominate that of
the LES model.

b) Contours of modified wall distance
around geometry

Fig. 1 Illustrations of wall distance function; RANS layer thickness is magnified to 0.1D for clarity (dots: ¢, = 1.2 and &, = 0.0; small bold dashes:
n=4,e)=1.2,and ¢; = 1.5; dashes: n = 4, &) = 1.2, and &, = 3.5; longer dashes: n = 4, ¢, = 1.2, and ¢, = 7.5; longest dashes: n =9, ¢, = 1.2, and

e, = 35.0).
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a) Variation of smoothing function
and boundary conditions

b) Location of the boundary conditions

Fig. 2 Imposed boundary conditions and variation of smoothing factor ¢, showing lower smoothing and the highest smoothing.

D. Geometry and Mesh

The Fig. 3 geometry is reminiscent of the short-cowl nozzle used
in the European Union coaxial jet-noise prediction program
(COJEN). Figure 4 shows the mesh in the x—y plane and also in the
y—zplaneatx/D = 1. Three meshes are used with 6 x 106,12 x 10°,
and 50 x 10° cells. To help avoid skewness issues, which can
result in severe dissipation, hexahedral body-fitted meshes with a
multiblock topology are preferred [47]. Furthermore, meshes that
maintain orthogonality between the control-volume face and the line
that connects the nodes that straddle that face tend to give better
energy-conservation properties [48]. The first offwall grid node is set
at an average of y* = 1.0 for all meshes. This is more than adequate
for the k—I model, with its algebraically prescribed length scale and a
first offwall grid location of 4 x 107> D. The nozzle has a blunt nose.
Here, an H Block is embedded to avoid an axis singularity on the jet
centerline.

For the 12 x 10° cell case, there are 60 nodes, radially, in both the
core and bypass flows. Axially, from the bypass inlet to the nozzle tip,
there are 100 nodes. From the nozzle tip to x/D = 4 are another
150 nodes. There are 150 azimuthal nodes, giving a total (in this
region) of 4.5 x 10° cells. This gives Ax* and Ar+ values of 300 and
150 in the nozzle at the bypass and core exits. A further 4.5 x 10° are
used from x/D =4 to 8. The remaining nodes are used further
downstream and radially outside the nozzle. At x/D = 1 (the nozzle
tip is at x/D = 0.88), there are about 30 nodes across the outer shear
layer and roughly 35 nodes across the inner shear layer. At x/D = 3,

Fig. 3 Short-cowl coflowing nozzle.

the shear layers have merged to form one shear layer. Here, there are
(in the region) about 40 grid points across the shear layer.

For the 6 x 10°-cell mesh, the grid topology is the same, but the
grid count is reduced by around 75% in all directions. For the
50 x 10°-cell mesh, the 6 x 10°-cell mesh is approximately doubled
in all directions.

E. Boundary Conditions

The operating conditions are summarized in Table 1. The
Reynolds number Re is 300,000 (based on the nozzle diameter D and
maximum jet velocity in the bypass flow U ). The exit Mach numbers
are matched to those of a real jet engine, with the exit velocity of the
core and bypass at 240 ms~' and 216 ms~!, respectively. The
boundary conditions are labeled in Fig. 2a. Both the core and bypass
inlets (boundary I) are prescribed as subsonic inlets. Partly motivated
by not wanting to introduce spurious waves, no forcing is applied.
This also prevents the introduction of arbitrary parameters. No
velocity profiles are specified at the nozzle inlet. The boundary layers
develop naturally to give boundary-layer thicknesses of around
0.02D for both the core and bypass nozzle exits. For the measure-
ments, a large plenum feeds flow into channel-like zones. Turbulent
boundary layers develop in these relatively long (3 ~4D) thin
(0.25D) channels, giving nozzle-exit boundary-layer thicknesses of
approximately 0.015D for both the core and bypass flows. This
estimate is based on use of the Blasius and one-seventh-power laws
and the von Karman integral momentum equation to derive an
expression for boundary-layer thickness. Hence, the boundary-layer
thicknesses of the measurements and computations are expected to
be broadly the same. For the 50 x 10°-cell case, sponge zones were
implemented at boundary I to prevent spurious reflections at the
inflow. These reflections occurred, due to the increased mesh density
at the inlet supporting acoustic waves propagating upstream from the
shear layer.

At boundary III, a subsonic outlet is prescribed. This boundary is
located 35D downstream of the jet exit. At boundary II, a freestream
condition is used. Near to the boundaries, the smoothing is increased
to help prevent reflection of spurious waves. Figure 2b shows the

Fig. 4 Mesh images around the nozzle and in the x—y plane (left) and in the y—z plane (right).
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Table 1 Jet flow conditions

Parameters Values
Velocity of primary flow, U, 240 ms™!
Velocity of bypass flow, U, 216 ms™!
Static temperature in primary flow, 7', 300 K
Static temperature in bypass flow, T 300 K

Table 2 LDA control volume sizes, mm

Volume side Beam 1 Beam 2
dx 0.1248 0.1183
dy 0.1244 0.1180
dz 1.684 1.597

domain boundaries and where the smoothing increases. The distance
over which the smoothing increases is given by 8. Also, the nozzle
walls are viscous.

F. Solution Time

The simulation is run from quiescent initialization. For the
12 x 10°-cell mesh, the physical time step of the simulation is
approximately 0.2 x 107 s, based on the smallest cell size. This
gives a maximum Courant—Friedrichs—Lewy number of approxi-
mately 0.5 in the near-nozzle region. Based on the bypass-jet
diameter and peak velocity, this gives * of approximately 3 x 1073,
Hence, a single ¢* requires 35,000 physical time steps. The solution
runs on a Cray X74 computer comprising 1416 compute blades,
which each have four quad-core processors. This amounts to a total
of 22,656 cores. The system uses Advanced Micro Devices (AMD)
2.3 GHz Opteron processors, giving a theoretical peak performance
of 208 tflop. Using 128 cores, approximately 75,000 time steps can
be completed in 12 h. A mature solution is gained over 1007* and
averaged over a further 100#*. Hence, the complete simulation takes
approximately 2 months.

For the same number of cores, the 6 x 10° mesh takes approxi-
mately one month to complete. For the 50 x 10°-cell mesh, the case
is run using 256 cores. However, the smaller time step (~0.5 x 10~%)
results in the simulation requiring approximately 200 days of run
time to obtain time-averaged results. It is worth noting that these
times are for an unstructured solver, which gives a substantial
overhead relative to a structured solver. To reduce the time to gain a
mature flow solution, flow from the 12 x 10°-cell mesh is inter-
polated onto the 50 x 10°-cell mesh. Also, for the 50 x 10°-cell

e Q.
10 ¢ e
¢
5
g
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0t 4
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5 E N
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-10 -5 0 5 10

a) Mean streamwise velocity

mesh, results are averaged azimuthally across eight equally spaced
planes.

III. Experimental Technique

The jet rig is housed in the center of a 4 x 4 x 3m anechoic
chamber. Itis supplied with air from a single reservoir located outside
of the chamber via a plenum chamber. A second compressor and
reservoir are used to supply air to the seeding system to produce
particles for the LDA and PIV measurements. The current arrange-
ment provides enough air for approximately 30 min. of continuous
running. Laser experiments showed the seeding to be fully mixed.
The seeding used is corn oil, giving particles of approximately 1 um
in diameter and a frequency response of 10 kHz.

Flowfield measurements have been taken with a Dantec two-
dimensional LDA system. To allow higher data rates while running in
coincidence, the LDA head was rotated 45 deg. Running in coinci-
dence was required to provide Reynolds stress values. An average
data rate of 8.5 kHz was achieved at 5D downstream, with a peak of
19 kHz. Data were captured in a polar coordinate system for the
planes normal to the principal-flow direction, with 10,000 data points
per position and 156 positions.

The relative statistical error for convergence of the basic LDA
measurements is just 0.02%. Based on the data rate and the con-
vective velocity, enough data are collected to gain an averaging
period of approximately 50¢*. The control-volume sizes associated
with the two LDA beams are give in Table 2. Although the precision

Fig. 6 y-z plane of normal stress from LDA measurements at
x/D =5.0.
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Fig. 5 Circle fitting (for which the symbols are measurements, the lines are circle fits, and the crosses are derived circle centers).
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Table 3 Average error (in %) between the
measurements and 12 x 10°-cell RANS-NLES

Error x/D =3 x/D =4 x/D=5
Error, 6.5 8 10
Error— 39 30 22
Error; 18 27 17
Errory 15 20 20

of the basic LDA measurements is high (less than 1% error), there is a

substantial uncertainty (up to 5%) in traverse position location.
Cross-sectional results were used to verify the symmetry of the jet,

using circle-fitting techniques. Figure 5 shows the circle-fitting

N N 9 N N o
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1
0.5
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2 )¢ 6
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a) Mean axial velocity

N N Q Q Q N
N 0”». > o S O
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1
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S o
0.5

_1 | I I T | L VRN T N

0.05 0.1 0.15 0.2

(u'v'/U;U)+(0.043/D)

¢) Shear stress

technique for the mean streamwise velocity (Fig. 5a) and for the
normal stress (Fig. 5b). Symbols show measurements at constant
values (of velocity or normal stress) around the circumference of the
jet. Different velocities and stresses are investigated, giving different
radial locations. Using a least-squares technique, circles are fitted
through the points (shown by the solid lines). The center of the fitted
circles is then derived and compared with the true center point.
Calculated jet-center positions, based on the circle fitting, varied less
than 1 mm, even at 10D. So, for 1D = 18.0 mm, this corresponds to
a5.5% error in the shear-layer location. Figure 6 shows a contour plot
of the Reynolds stress at x/D = 5.0 for the LDA results. This
demonstrates the flow to be sensibly axisymmetric.

However, without careful concentricity control, the jet had the
propensity to exhibit nonconcentricity (even though isothermal).

(o]
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o
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G [ I TR S R ‘I 1 (PRI I R
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b) Normal stress
Q Q.0 Q N QY
\* AR X o A\
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0.5 ©

R (YT (W M (N SR A %

(v'v'/UU;)+(0.04x/D)

d) Radial stress

Fig. 8 Radial profiles at axial locations x/D = 1.0, 2.0, 3.0, 4.0, 5.0, and 10.0 (lines: NLES-RANS; circles: LDA measurements).
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3 3.5 4

M/Uj+x/D

a) Mean axial velocity

0.14

0.04"0.06 008 0T 0.13
(u'w’/UU,)+(0.04x/D)

b) Normal stress
Fig. 9 Radial profiles at axial locations x /D = 1.0, 2.0, 3.0, 4.0, and 5.0
(dashes: 6 x 10° NLES-RANS; dashes/dots: 50 x 10° NLES-RANS;
circles: LDA measurements).

This concentricity problem for hot jets is well outlined by [35], as
noted earlier. During the extensive measurement periods, there is no
guarantee that concentricity deviations did not (periodically) occur.
This seems to manifest itself most in the Reynolds stress distribu-
tions. For mean velocities, the potential concentricity error is negli-
gible. However, for the stresses (without careful alignment), values
could be laterally displaced by 5% at x/D =35 (the displace-
ment having a roughly linear distribution with x). Factoring in
possible maximum concentricity deviations during runs suggests
another 5% error in Reynolds stresses in the focus zone of this work
(x/D < 5). Hence, the overall error is up to 10%, due to positional
and jet stability issues [the base LDA measurements being accurate
(1% error) by comparison]. However, projecting back the shear-layer
half-width (estimated on ') for x/ D < 1, the shear-layer thickness
is comparable with the measurement volume. Hence, error estimates
are not shown for x/D < 1.

PIV measurements were taken using a PCO 2000 (2048x
2048 pixels) camera and an Oxford Lasers dual-head neodymium—
doped-yttrium-aluminum-garnet (532 nm) laser. The data were

0

041

021

1 2 3 4 5
x/D

a) Centerline time-averaged streamwise velocity

0.04

b) Peak normal stress (upper curves)

and centerline normal stress (bottom curves)
Fig. 10 Axial profiles (top set of curves is peak values, and bottom set of
curves is on centerline). (Symbols: LDA measurements; dashes/dots:
6 x 10, lines: 12 x 10°; dashes: 50 x 10°).

processed using LaVision’s DaVis software. The area viewed was
approximately 2.5D x 2.5D, giving 37 pixels/mm. A pulse separa-
tion of 2 us was used for all the PIV. Multipass processing was
implemented in the DaVis software, with a starting interrogation
window of 128 x 128, finishing with 16 x 16 pixel. 1000 frame
pairs were recorded to provide the scaler results presented.

As is well known, PIV measurements are good for capturing
structures in the flow, but they are not as good for absolute values.
Problems with obtaining accurate PIV include spatial resolution in
terms of the interrogation window and laser sheet thickness. Hence,
the LDA point measurements are regarded as being the most accurate
(less than 10% error). However, the PIV is useful for capturing the
qualitative features of the flow and should be regarded as flow
visualization.

For comparing the error of measurements to the predictions, the
following experimental data-point summations are made,

) | q>cxp - q>num|

E =
S ST

15)

Table 4 Summary of errors (in %) atx/D = 3 for all simulations and measurements. Values
in brackets show error in the peak values

Grids
6 x 10° 12x10° 50 % 10° A o between CFD Error peasurements
Errory, 4.5 6.5 7.5 3 +5.5
Error— 21 (4.2) 39(8) 26 (3.8) 18 (4.2) +10
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Fig. 11 x—y contours of vorticity for different mesh densities. Top frame shows 50 x 10°-cell mesh, middle frame shows 12 x 10°-cell mesh, and bottom

frame shows 6 x 10°-cell mesh.

where @ is the mean streamwise velocity or turbulence intensity, and
the subscripts num and exp refer to LES predictions and measure-
ments, respectively. At points where numerical data points do not
coincide exactly with the measurements, a stiff quadratic spline
interpolation is used. Error,, gives an average error across the radial
profile. For a difference in error of two LES predictions, the same
data-point locations are used as for the measurements. Subscripts
num and exp are replaced by LES; and LES,, which refer to two LES
predictions. In the Eq. (15) denominator, ®,, is replaced by the

average of the two CFD predictions. Errors in mean streamwise
velocity and normal stress are shown later in Table 3.

IV. Results

To gain an initial visual impression of the flow, Fig. 7 plots
vorticity isosurfaces from the 12 x 10°-cell NLES-RANS solution.
A wide range of scales with substantial anisotropy can be observed.
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Fig. 12 y—z contours of streamwise instantaneous velocity for different mesh densities. Top row shows axial profiles at x/D = 1 and bottom row at
x/D = 2. Left to right frames show 6 x 10°-cell, 12 x 10°-cell, and 50 x 10°-cell mesh results, respectively.

y/D
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Fig. 13 Comparison of NLES-RANS and NLES: a) radial profiles of mean axial velocity atx/D = 1.0, 2.0, and 3.0 (lines: NLES-RANS; dashes: NLES;
circles: LDA measurements); b) NLES flowfield; and ¢) NLES-RANS flowfield (dashes: density gradient magnitude contours; lines: instantaneous

streamlines).

In the following graphs, time-averaged velocity quantities are
normalized by the peak streamwise velocity U;. Reynold’s stresses
are normalized by the peak streamwise velocity squared. Radial
profiles extracted at different axial locations (x/D) are plotted on the
same graph (for the same quantity). The profiles are offset axially by a
constant multiplied by x/D, so that they are not overlaid. For the

time-averaged velocity plots, the multiplying constant is one, and for
the Reynolds stress plots, it is 0.04, as identified on the graph axes.

Figure § plots radial profiles of mean streamwise velocity and
normal, shear, and radial stresses at axial locations of x/D = 1.0, 2.0,
3.0, 4.0, 5.0, and 10.0. Full lines show the 12 x 10°-cell NLES—
RANS results and symbols show the LDA measurements. For the

M IR I ENTTI SRS RSN R
Py

1.5 2 2.5 3 3.5
x/D

a) Computations without near wall RANS

1.5 2 2.5 3 3.5 4
x/D

b) Computations with near wall RANS

0.9
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15 2 25 3 3.5 4 4.5
x/D

¢) PIV measurements

Fig. 14 Contours in x—y plane of time-averaged streamwise velocity: a) NLES, b) NLES-RANS, and c) PIV. Overset lines show radial profiles of time-
averaged streamwise velocity at axial locations x/D = 3 and 4 for LDA (lines) and PIV (dashes).
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axial velocity, shown in Fig. 8a, there is encouraging agreement
between the computations and measurements. At x/D = 5.0, the
computations underpredict the centerline velocity by approximately
5%. For the Reynolds stresses, the biggest discrepancy is on the shear
layers at x/D = 1.0, for which all three components are higher for
the computations.

This discrepancy could be because, initially, the flow emerging
from the RANS layer has no resolved scales. Hence, the shear layer is
laminar and, perhaps, transitions to turbulence abruptly. Improving
the interface between the RANS and NLES regions could help
alleviate this problem. For example, a similar method to that of
Batten et al. [49] could be used to impose fluctuations in the NLES,
based on the RANS layer statistics. This is left as future work.

For the measurements, there is also a spurious overprediction of
the normal stress on the centerline at x/D = 1.0. Further down-
stream, the computations show closer agreement with the measure-
ments. For x/D = 3 ~ 5, the peak shear-layer stress is within 10% of
the measurements.

Figure 9 plots radial profiles of the mean streamwise velocity and
the normal stress at axial locations x/D = 1.0 to 3.0 for the 6 x 10°
and 50 x 10° meshes. Figure 9a shows the time-averaged streamwise
velocity, with both meshes giving similar agreement. There is a
maximum difference between the two CFD predictions of approxi-
mately 5%, in terms of the centerline velocity deficit at x/D = 2.
However, no measurements are available at this location.

Figure 9b plots radial profiles of the normal stress. The peak values
on the jet shear layer are similar for both cases. There is some
variation in terms of the spreading rate, particularly at x/D = 3.
However, generally, both mesh results show similar characteristics.
The agreement between the 6 x 10°-cell and 50 x 10%-cell results
suggests that the large scales in the shear layer are dominant for jet

N 0.89
- ———E 0.67
2r e ————— 0.22

D

u'v'/UU,
4.44E-01
3.33E-01

i — 2.22E-01
s — , L11E-01
T 0.00E+00

D

¢) Shear stress

flows. This is useful in engineering terms, because it implies that
simulations on modest grids can be meaningful.

Figure 10 cross plots the data from Figs. 8§ and 9 to show
axial profiles from x/D = 1 to 5. Figure 10a plots centerline velocity
and Fig. 10b plots the normal stress. The top set of curves gives the
peak normal stress and the bottom set gives the centerline normal
stress. As usual, the lines give the predictions, and the symbols
give the measurements. Error bars of +10% are included on the
measurements.

Tables 3 and 4 help to interpret Figs. 8 and 9 quantitatively by
listing some errors. Table 3 compares the 12 x 10°-cell results to the
measurements for different axial locations.

Table 4 includes a summary of the errors at x/D =3 for all
simulations (on the different grids) and measurements. Columns
headed 6 x 10°, 12 x 10, and 50 x 10° show the error of the NLES—
RANS simulations when compared with the measurements for the
three different meshes. The fifth column (labeled A, between
CFD) shows the maximum spread for the different NLES—-RANS
predictions. The final column shows the measurement error. For the
mean velocity, this is 5.5% (from the circle-fitting-technique anal-
ysis). The normal stress error is larger. This is due to the potential
nozzle concentricity issues that, as discussed earlier, tend to influence
the Reynolds stresses more than the mean profiles. For the error in the
NLES-RANS normal stress, both the average error (discussed in
Sec. III) and the error in the peak value on the shear layer are plotted.
Errors in the peak values are shown in brackets. The larger average
error illustrates that the dominating positional error of the measure-
ments can potentially give misleading values. This is especially true
for the Reynolds stresses, for which there are large gradients across a
narrow shear layer. Hence, a relatively small positional error
(radially) can yield a large average error value. The peak error values

- uu/UU
3 | s =
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i g L67E-02
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Fig. 15 Contours in x—y plane. Full images show NLES-RANS; insets show PIV.



EASTWOOD ET AL. 973

show that, in terms of the predicted turbulence levels (i.e., ignoring
positional errors), the difference between the measurements and the
predictions is much lower (around 5%).

Figure 11 plots vorticity contours for all three meshes studied. The
top frame shows the 50 x 10°-cell case, the middle frame shows the
12 x 10°-cell case, and the bottom frame shows the 6 x 10°-cell case.

Figure 12 shows the y—z contours of instantaneous streamwise
velocity for the three meshes. The top row shows planes at x/D = 1,
and the bottom row shows planes at x/D = 2. From left to right, the
frames show the 6 x 10°-cell, 12 x 10°-cell, and 50 x 10°-cell pre-
dictions. The figures also show the increased flow physics captured in
the 50 x 10°-cell case. As with Fig. 11, the largest structures are of
similar sizes for all three cases.

Figure 13 plots 12 x 10°-cell mesh predictions, both with and
without the RANS layer. Because the near-wall mesh is not fine
enough in the radial and azimuthal directions for LES, and because
the numerical scheme increases smoothing toward the walls, there is
no rational basis to expect the NLES alone to be successful. However,
it is desirable to observe the effect of the RANS layer. Figure 13a
contrasts radial profiles of the mean streamwise velocity at axial
locations x/D = 1.0, 2.0, and 3.0. Here, solid lines plot the NLES—
RANS results, dashed lines plot the NLES results, and symbols plot
the measurements. Figure 13a shows that the pure NLES does not
predict the velocity deficit on the centerline, which the NLES-RANS
and measurements suggest. This indicates that the flow for the NLES
is separating toward the rear of the nozzle. This is because the grid is
not fine enough for quasi-direct-numerical simulation (the typical
near-wall grid requirement needed for LES) and, because there is no
RANS layer, the mean flow velocity profile is laminar and, hence,
readily separates. This ultimately results in faster radial mixing after
the end of the nozzle. This is shown qualitatively in Figs. 13b and
13c, which give density gradient magnitude and instantaneous
streamlines. For the simulation with no RANS layer, separation can
be seen. Hence, the NLES-RANS method is helpful. It keeps the
boundary layer attached, which ultimately gives better agreement
with the measurements. Figure 13a shows that at x/D = 3.0, the
difference between the two computations is decreasing, and by
x/D = 4.0, both results are similar.

Figure 14 plots the x—y contours of the mean axial velocity for the
NLES, NLES-RANS, and PIV measurements. The PIV results show
the velocity deficit on the jet centerline for x/D < 3.0, indicating that
the separation of the flow from the nozzle wall in the NLES
simulation is, as expected, nonphysical. Comparison of the contour
plots indicates that the PIV has a smaller spreading rate than the
NLES-RANS and, hence, so does the LDA. To explore this, Fig. 14c
overlays graphs of time-averaged streamwise velocity for the LDA
and PIV on the contour plot. Solid lines show the LDA results, and
dashed lines show the PIV results. There is a maximum difference in
the velocity of approximately 0.05U,,, aty/D = 0.5,and x/D = 3.

Figure 15 plots the x—y contours of the mean streamwise velocity
and the normal, shear, and radial stresses. The full images show the
NLES—-RANS results, with the PIV shown in the inset. The images
show (as evident in Fig. 13a) that, for the NLES-RANS, the peak
Reynolds stresses are overpredicted on the shear layer for x/D < 2.0.
By x/D > 3.0, the shear-layer width and magnitudes for the PIV and
computations are similar.

V. Conclusions

A new data set containing LDA and PIV measurements along with
large-eddy-resolving computations has been reported for a coflowing
short-cowl-nozzle geometry. The Reynolds number is 300,000, and
the Mach numbers are representative of realistic engine conditions.
The low Reynolds number of the measurements makes the case well
suited to the assessment of large-eddy-resolving computational
strategies. Also, the nozzle concentricity was successfully controlled
to help deal with the emerging metastability issues of jets with
coflow. The jet was shown to be axisymmetric in terms of the
Reynolds stresses. For computations, the use of a near-wall k—/
RANS model for y* < 60 is found to be helpful in preventing non-
physical separation from the nozzle wall. Blending between the

RANS and the large-eddy-resolving regions makes use of the HJ
equation. Because the solver being used tends toward being dissipa-
tive, the SGS model is abandoned, giving a hybrid NLES-RANS
simulation. For the hybrid method, different LES grids were consid-
ered, ranging from 6 x 10° to 50 x 10° cells. This gave an approxi-
mate doubling of grid nodes in all directions. The results showed
encouraging agreement with the measurements, with all meshes
showing the same trends. From this, it can be concluded that, for jets,
the large scales in the shear layer are dominant; hence, meaningful
LES simulations can be gained on relatively modest meshes.
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