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Abstract

The supersonic annular flow over the base of a
circular cylinder was used to validate the axisym-
metric version of the NPARC code in a flow with
large separated regions, attached flow regions, and
free shear layers. Numerical results obtained using
adaptive grids were compared to an extensive ex-
perimental database that includes turbulence infor-
mation in the base region of the flow. The original
NPARC code was modified to include a more faith-
ful implementation of the original Baldwin-Lomax
turbulence model. In addition, numerical results
were obtained using a compressible version of the
k-¢ model by Chien and a newly added k-e¢ model
by Grasso & Falconi. In general, the two-equation
models predicted more accurately the overall fea-
tures in the base flow than the zero-equation mod-
els, although all models had difficulty predicting the
base pressure. The results showed that the location
of the reattachment point is strongly influenced by
the outer jet structure, which has typically been ig-
nored in previous base-type flow investigations.

Nomenclature

specific heat ratio
base radius = 31.75 mm

k turbulence kinetic energy
€ turbulence dissipation rate
M Mach number

P pressure

T temperature
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y wall normal coordinate
Ry momentum thickness Reynolds Number
u streamwise velocity

Uy friction velocity

v kinematic viscosity

Vg eddy viscosity
Subscripts

e nozzle exit

r receiving chamber

exit wind tunnel exit

00 conditions at infinity
wall conditions at the wall
b conditions at the base
Superscripts

+ based on wall units

Introduction

Axisymmetric base flows have been extensively
studied during the last four decades, primarily due
to their importance in ballistic problems. In this
type of flow, the need to achieve an understanding of
the mechanisms that yield reduced pressures at the
tails of bullets and missiles has led to theoretical,! =3
numerical,*~? and experimental'? investigations (re-
views of the pertinent literature can be found in
references 3, 9 and 10). In all cases, attempts have
been made to determine ways to control the flow
structure in the wake region such that base drag is
reduced and vehicle stability is increased.

The basic structure of the supersonic base-flow is
also at the heart of the materials-processing device
known as the gas-metal atomizer. In this device,
an orifice is placed at the center of the base while
an annular gas jet flows around it. Liquid metal is
allowed to flow through the orifice into the reduced
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Figure 1. Schematic of the axisymmetric base flow
produced by the flow of a supersonic annular jet
over the end of a circular cylinder.

pressure region at the base, and the exchange of mo-
mentum between the gas and liquid phases induces
instabilities in the liquid which lead to its disrup-
tion. Typically, the disruption process continues un-
til the droplets attain a Weber number small enough
to preclude further disruption. They then solidify
in flight. At the end of the process, the gas-powder
mixture is separated and parts are sintered from the
powder in post-processing operations.

In an atomizer, control of the base pressure is of
utmost importance given that this parameter con-
trols the flow rate of the liquid metal to be pro-
cessed. The ultimate goal of the materials industry
is to produce metal powders of known particle-size
distributions with the least amount of gas and at the
lowest jet stagnation pressure possible. Therefore,
this investigation deviates from the previous base-
flow research in that its motivation is to determine
mechanisms with which to control the base drag.

The base flow structure that results as a super-
sonic annular jet surrounds the end of a circular
cylinder at design pressure ratio is schematically
shown in Figure 1. When the flow emanating from
the nozzle encounters the end corner of the cylin-
der, it undergoes an expansion process to satisfy the
surface-angle change imposed by the termination of
the cylinder. The flow separates and forms a free
shear layer that propagates towards the axis of sym-
metry of the geometry. The resulting internal shear
layer encapsulates a volume of low-speed fluid in
the area downstream of the base of the cylinder. At
the axis of symmetry, the flow is forced to compress
through a series of compression waves to change
its direction. The resulting outbound-propagating
compression waves collapse into a curved shock wave
that propagates away from the axis of symmetry.
Meanwhile, the expansion waves generated in the
initial expansion fan propagate towards the outer
free shear layer of the jet from which they reflect as
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compression waves. These waves then collapse into
a single curved shock wave that propagates towards
the axis of symmetry. Both resulting shock waves
will continue to interact further downstream to form
a complex jet structure.

Flows similar to the one described above have
been studied theoretically and numerically in the
past. In references 1-3, Mueller et al. studied
the effects of geometry and pressure ratio on base
pressure for plug nozzles. Based on experimental
data and theoretical considerations, they derived
a model capable of predicting the pressure at the
base in a number of geometries. In reference 4,
Mikhail et al. present the study of the base flow
behind the AGARD 10-deg. nozzle with mass in-
jection at the base. Their results were computed
using a 30 x 39 mesh, which led to poor spatial
resolution in the data. In references 5-7, Sahu
and co-workers present results for flows over a va-
riety of boattail configurations (with and without
mass injection) using a number of different numeri-
cal methods. Peace® studied three variations of a
circular-arc boattail with mass injection by solv-
ing the Navier-Stokes equations with the Baldwin-
Lomax and Chien’s k-e¢ turbulence models. His
results, which took advantage of grid adaptation
methods, revealed that the k-e¢ predictions are su-
perior to those obtained using the Baldwin-Lomax
model. He found good agreement between the nu-
merical and experimental results for attached flow
configurations, but both models had trouble pre-
dicting the physics of separated flow regions.

Recently, a detailed experimental description of
the flow structure in the base area of a cylinder en-
gulfed by a supersonic stream was given by Herrin &
Dutton.10 Their data are the first to contain detailed
three-dimensional velocity and turbulence informa-
tion in the base region obtained by non-intrusive
methods. The availability of these data has spawned
numerical investigations by Sahu et al.” and Tucker
et al.,° who performed almost identical studies of
the flow structure in the base region.

In this investigation, we focus on the validation of
numerical techniques to simulate the gas-only flow
in gas-metal atomizers by simulating the complete
flow field studied by Herrin & Dutton.!? Although
the aforementioned numerical investigations”® have
studied this test case, they restricted their findings
to the near-wake region and gave little detail of the
outer jet region, which is of importance in atomiza-
tion flows.

The results presented here document the dif-
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ferences between the predictions obtained using
the zero-equation turbulence model by Baldwin-
Lomax!! and the two-equation turbulence models
by Chien!? (as implemented by Georgiadis et al.'3)
and by Grasso & Falconi.l4 Also discussed are a few
modifications to the NPARC code!® dealing with the
implementation of the Baldwin-Lomax model. In
addition, this work analyzes the base-flow structure
that results when the annular gas jet is operated
at off-design pressure ratios; emphasis is placed on
under-expanded pressure ratios that encompass the
predominant regime at which gas-metal atomizers
are operated.

Numerical Method

Governing Equations

The axisymmetric, steady, compressible flow in
the wake of a cylindrical afterbody is governed by
the nonreacting Navier-Stokes equations. In this
work, the Navier-Stokes equations are solved in
strong, conservative form in a curvilinear coordinate
system. The fluid is assumed to be a thermally-
and calorically-perfect gas that exhibits a Newto-
nian stress-strain behavior. Thermal conductivity
is taken to be identical to the molecular viscosity,
which is related to the static temperature by the
Sutherland viscosity law.

Numerical Algorithm

The solution to the Navier-Stokes equations was
accomplished using the NPARC code,'® based on
the ARC2D algorithm.16 In this algorithm, time
advancement is performed using a backward Eu-
ler scheme. Approximate factorization is used to
facilitate solution of the resulting system of equa-
tions, and both second- and fourth-order artificial
dissipation are introduced to suppress dispersion er-
rors near shock waves and decoupling of even-odd
modes due to the central difference discretization.
The resulting equation yields a series of block pen-
tadiagonal systems that can be linearized by time-
advancing the viscous fluxes and the axisymmet-
ric source terms explicitly. This results in a series
of scalar pentadiagonal systems that are solved di-
rectly using the Thomas algorithm.

Turbulence Models

Solutions of the axisymmetric base flow were ob-
tained using: (1) the NPARC implementation!?
of the Baldwin-Lomax!'! model, (2) a more faith-
ful implementation of the Baldwin-Lomax model,
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Figure 2. Schematic diagram of the computational
domain used in the base-flow problem.

Figure 3. Computational mesh adapted for simula-
tion of base flow at the designed pressure ratio (only
every fourth grid line is shown for clarity).

(3) a compressible implementation!3 of Chien’s'? k-
e model, and (4) Grasso & Falconi’s'* k-¢ turbu-
lence model. For the k-¢ models, the solution to the
turbulence equations was time-lagged with respect
to the solution of the flow equations and was ac-
complished using the algorithm suggested by Sahu
and Danberg.!7 In this algorithm, second-order, up-
wind differences are used to approximate the spatial
derivatives, and approximate factorization is used
to facilitate solution of the resulting equation. This
renders the use of artificial dissipation unnecessary,
given the inherent smoothing properties of the up-
wind differences. The resulting equation yields a
series of block tridiagonal systems that are solved
directly using a block version of the Thomas algo-
rithm.

Physical Domain and Boundary Conditions

The computational domain used in this investi-
gation (see Figure 2) follows the specifications of
the supersonic tunnel used by Herrin & Dutton!®
as given in references 18 and 19. The tunnel do-
main was segmented into three separate grids: the
nozzle (266 x 81 points in the axial and radial di-
rections respectively), the test section (255 x 279),
and the diffuser (338 x 125). Within each block, the
mesh points were distributed using the SAGE? grid
adaptation program. At all solid boundaries, the
first line of points parallel to the wall was forced to
be located at y™ < 1 to obtain accurate resolution
at the wall layer. The final adapted grid used in one
of the tested flows is shown in Figure 3.

Characteristic type boundary conditions were
used at the inlet of the nozzle (P,, T, specified) and
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at the outlet of the diffuser (P.yit, Tezit specified).
The interfaces between the nozzle and the test sec-
tion blocks as well as between the test section and
the diffuser blocks were interpolated explicitly. Ax-
isymmetry was used at the axes of the test section
and the diffuser blocks while all other boundaries
were treated as adiabatic, non-slip walls.

Modifications to the NPARC code

As part of this investigation, two modifications
were made to the original NPARC algorithm in an
attempt to improve the quality of the computed re-
sults: (1) the implementation of the Baldwin-Lomax
model, and (2) the addition of the compressible k-¢
turbulence model by Grasso & Falconi. What fol-
lows describes these modifications in some detail.

Baldwin-Lomax Model. Results obtained for
the base flow problem showed that the NPARC im-
plementation of the Baldwin-Lomax model yielded
discontinuous streamwise eddy viscosity distribu-
tions. These were mostly due to problems in the
evaluation of the crossover distance between the
outer and inner model formulations.!! Furthermore,
as implemented in the NPARC code, the model
makes no provisions for the generation of turbulent
stresses unless a wall is present. This leads to prob-
lems if one desires to model free flows such as shear
layers and jets for which the model would yield zero
eddy viscosity.

In an attempt to improve the performance of
the model, a number of modifications were imple-
mented. First, the outer model formulation was
added to the axisymmetric boundary condition (i.e.,
type 51) and to a new two-dimensional symmetry
boundary condition (i.e., type 52) as recommended
in the original Baldwin-Lomax paper for the sim-
ulation of wakes.!! This allows for the production
of turbulence stresses in free flows by replacing the
wall normal distance by a length scale derived from
the local value of the vorticity. Secondly, in the
NPARC implementation, the eddy viscosity is de-
fined as the minimum value obtained from either the
inner or outer formulations of the Baldwin-Lomax
model. This works adequately only if the eddy vis-
cosity distributions given by both formulations vary
monotonically away from the wall which is not al-
ways the case. For this work, we followed the criteria
given in Reference 11 which sets a crossover distance
after which the inner model formulation is replaced
by the outer model. Finally, the eddy viscosity was
processed through a trapezoidal filter to remove any
discontinuities not removed by the other modifica-
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tions. During testing, the use of this filtering stage
did not prove to be absolutely necessary and given
its dissipative nature, one may choose to remove it.
Nonetheless, the filter was used in the results that
follow.

Grasso & Falconi’s k-¢ Model. The Grasso &
Falconi’s k-e model'4 differs from the compressible
version of Chien’s model in: (a) the addition of
the pressure-dilatation, dilatation-dissipation, and
Favre-velocity contribution terms to the RHS of the
k equation which are meant to account for the pro-
duction of k£ due to compressibility effects, (b) the
subtraction of the near-wall terms used in Chien’s
model to allow for the non-physical declaration of
€wair = 0, and (c) the values of the proportionality
constants. The reader is referred to references 12-14
for details on both models.

Results

Boundary Layer Flow

Prior to the simulation of the base flows, the
turbulence models were tested by simulating the
boundary layer over a flat plate with zero pres-
sure gradient at free stream Mach numbers of: 0.2,
1.2, and 4.0. Figure 4 compares the compress-
ible law of the wall (ut = y*, for y© < 10;
ut =logy'/0.41+5, for y* > 10) with the stream-
wise velocity predictions obtained using direct nu-
merical simulation (DNS),2! and the results of four
eddy-viscosity turbulence models for M, = 0.2,
Ry = 1410.

As seen in the figure, both the original and
the NPARC implementation of the Baldwin-Lomax
model predicted the DNS data with satisfactory ac-
curacy, yielding a value of u, only 3% lower than its
DNS counterpart. Both models gave almost identi-
cal results due to the fact that the modifications
made to the NPARC model do not affect the results
for wall bounded flows like this boundary layer. The
small difference between the two models resulted
from the use of the trapezoidal filter in the original
model which tends to smear flow features due to its
dissipative nature. For both models, the eddy vis-
cosity predictions present a discontinuity at yT ~ 85
due to the switch between the inner and outer for-
mulations of the models (see Figure 5, top).

Chien’s k-e¢ model performed extremely well in the
boundary layer flow with a deviation in the value of
u, of only 0.9% from the DNS results (see Figure
4). Figure 5 shows that this model gives a contin-
uous distribution of eddy viscosity and a prediction
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Figure 4. Effect of turbulence model on the stream-
wise velocity distribution of a boundary layer,
Ry = 1410, M, = 0.2. : law of the wall; o :
DNS; - --: Chien’s k-¢; - - : Grasso & Falconi’s
k-¢; -+ : NPARC’s Baldwin-Lomax; : origi-
nal Baldwin-Lomax.

of turbulent kinetic energy almost identical to that
of the DNS. In contrast, the results obtained using
the Grasso & Falconi model underpredicted the fric-
tion velocity by 33% and yielded an estimate of eddy
viscosity that is about two thirds of that obtained
from the other models for y* < 100. This trend,
which can also be seen in the estimates of turbulent
kinetic energy, resulted from the added dissipation
near the wall and to a lesser extent, from the dissi-
pative nature of the compressibility terms.

The patterns observed in the M., = 0.2 results
were also seen in the results of the M., = 1.2, and
4.0 simulations. This led to the conclusion that
the compressibility corrections used by the Grasso
& Falconi model have adverse effects on flows at
M < 4. For these reasons, the model was not used
in the remainder of this investigation.

Base Flows

Nozzle Flow. Although Herrin & Dutton’s data
provide the exit velocity and turbulence intensity
distributions near the edge of the circular cylinder,
the need for a physical description of the outer edge
of the nozzle exit profile prompted the simulation of
the entire annular nozzle flow. This approach, which
deviates from previous numerical investigations,”?
yielded an exit velocity and turbulence distributions
which agree with the experimental data near the
wall of the circular cylinder as seen in Figure 6.

The streamwise velocity distribution (Figure 6,
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Figure 5. Effect of turbulence model on turbu-
lence parameters of a boundary layer, Ry = 1410,
My, = 0.2. (Top) eddy viscosity distribution, - --:
Chien’s k-¢; == : Grasso & Falconi’s k-¢; -+ :
NPARC’s Baldwin-Lomax; : original Baldwin-
Lomax. (Bottom) turbulent kinetic energy distri-
bution, o : DNS; =--: Chien’s k-¢; =---: Grasso
& Falconi’s k-e.

top) reveals a fully developed turbulent profile at
the exit of the nozzle that, although in agreement
with the law of the wall, deviates from the experi-
mental results. This discrepancy could be the re-
sult of an error in the estimation of the experi-
mental friction velocity (u,ezp = 21.2 m/s), which
could not be directly measured due to resolution
constraints. However, this value was obtained fol-
lowing the method proposed by Sun & Childs.??
The figure also includes the experimental data nor-
malized by the numerical value for friction velocity
(Ur,num = 23.3 m/s) which improves the agreement
between the two data sets.

The bottom part of Figure 6 compares the pre-
dicted turbulent kinetic energy at the exit of the
nozzle with its measured counterpart. Given that
experimentally it was not possible to measure the
azimuthal turbulence component, E, inside the noz-
zle annular channel, the experimental turbulent ki-
netic energy shown was calculated as

k= %(Uﬁzﬁ). (1)
As seen in the figure, even though the shape of the
computed kinetic energy function is in agreement
with the experimental finding, its magnitude ap-
pears to be lower throughout the entire profile even
when compared to the experimental data normal-
ized by wr nym. This difference may be due to mod-
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Figure 6. Annular nozzle profiles near the end-

corner of the circular cylinder. (Top) streamwise
velocity distribution, present work; —--:
law of the wall; o : Herrin & Dutton’s data; + :
corrected Herrin & Dutton’s data. (Bottom) turbu-
lent kinetic energy distribution.

eling errors, although some of the features of the
experimental data question its accuracy.

Near the wall (y* < 100), this annular boundary
layer should have the same characteristics as the
boundary layer over the flat plate. Consequently,
the turbulent kinetic energy should peak at y* ~ 20
with a value of roughly 4u, (see Figure 5, bottom).
The peak in the experimental turbulent kinetic en-
ergy cannot be determined from the data, given its
lack of resolution near the wall; however, if it were
extrapolated from the available data, it would be
much larger that 4u,, or would occur at y* > 20.

The experimental data was taken by pushing the
circular cylinder outside the confines of the nozzle
exit.?3 Based on inviscid theory, this should have no
effect on the measurements given that the hyper-
extended circular cylinder will remain within the
“test diamond” region of the nozzle.2* However, in
a turbulent flow, the hyperextension of the circu-
lar cylinder will change the character of the flow in
the base region, and this information may propa-
gate upstream through the subsonic portion of the
boundary layer. The data of Neves et al.?5 indicates
that curvature effects on the turbulent intensities
are negligible. The observation that the experimen-
tal values of k& cannot collapse on the accepted val-
ues supports the conjecture that the experimental
measurements might be in error.

Turbulence Modeling Effects. The base flow
structure resulting at the design pressure ratio (i.e.,
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P, = P,) was studied using both the Baldwin-
Lomax and Chien’s k-¢ turbulence models. Figure 7
shows a comparison between the experimental base
pressure measured by Herrin & Dutton and the nu-
merical predictions of this and two other studies.”?
In the figure, it is seen that the Baldwin-Lomax
model does not predict the distribution of pressure
at the base of the cylinder with satisfactory accu-
racy. It underpredicts the correct pressure by more
than 50%, and the shape of the distribution contains
large swings in the pressure as a function of radial
distance. The other numerical results are in bet-
ter agreement with the experiment. Despite slight
differences in their numerical algorithms, k-¢ for-
mulations, grid resolutions and distributions, and
boundary conditions, the results do not show much
difference among themselves.

The k-e results underpredicted the value of base
pressure by 6%, for r/R > 0.4, and over-predicted
it by 22% at the center of the base. This re-
sult is not due to inadequate resolution, which was
confirmed by a higher resolution simulation (i.e.,
530%x 161 + 509 x 557 + 674 x 249) which yielded re-
sults that only differed from the normal resolution
case for r/R < 0.05. Further examination of the
high resolution data revealed that the resolution dis-
crepancy was produced by a small counter-clockwise
recirculation zone at the center of the base, which
is not resolved at normal grid resolutions.

Even though the difference between the numer-
ical and experimental predictions of averaged base
pressure vanishes when the pressure is integrated
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Figure 8. Mach number distribution in the wake of
the circular cylinder. (Top half) original Baldwin-
Lomax model. (Bottom half) Chien’s k-¢ model.

(Pbﬁzp = 18.366 kPa vs. I_’bmum = 17.894 kPa, or
2.6% difference), the error in the prediction of base
pressure would have been significant for a gas-metal
atomization simulation, given that the metal flow
is only affected by the pressure at the center of the
base. In light of this, one may choose to obtain a
value of averaged base pressure and use it to predict
the drawing force that the liquid metal experiences
during atomization.

Some understanding of the differences between
the two model predictions can be achieved by com-
paring the overall flow structure in the base re-
gion. Figure 8 compares the Mach number dis-
tributions obtained using the Baldwin-Lomax and
Chien’s k-¢ models. As seen in the top half of
the figure, the Baldwin-Lomax prediction shows a
smaller and shorter recirculation region than the k-
€ results (bottom half). This is due to a predic-
tion of larger turbulence diffusion across the inner
shear layer combined with a larger-than-expected
growth of the shear layer. In fact, the Baldwin-
Lomax results show a violent and unphysical recir-
culating flow at the base of the cylinder with the
flow along the axis of symmetry becoming super-
sonic (in the upstream direction) close to the base
(z/R = 0.4). It is this faster moving fluid predicted
by the Baldwin-Lomax results that yields the lower
values of pressure throughout the face of the cylin-
der. Furthermore, the deceleration of this reversed
supersonic flow along the axis of symmetry is what
yields the large spike in pressure near the center
of the cylinder. In contrast, the inner shear layer of
the k-e simulation spreads at a slower rate and leads
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Figure 9. Mean axial velocity distribution in the

test section (u. = 569 m/s). : Chien’s k-¢;

------ : Chien’s k-¢, (high resolution); - - - : original

Baldwin-Lomax; o : Herrin & Dutton.

to a less violent recirculation region. Consequently,
this yields a smoother base pressure distribution.

A similar physical process appears to take place in
the outer shear layer of the flow. As seen in the top
part of Figure 8, the Baldwin-Lomax model predicts
a large amount of diffusion in the outer shear layer,
leading to an early spread of the jet. In contrast,
the k-¢ model prescribes a smaller amount of diffu-
sion in this area and, therefore, the outer shear layer
spreads only at about half the rate predicted by the
Baldwin-Lomax model. Judging from Schlieren pic-
tures of the experiment,l0-19 the spread predicted
by the k-e model appears to be more physical than
that estimated by the Baldwin-Lomax model.

Figure 9 shows more evidence of the large turbu-
lent diffusion and the early shear layer growth in the
Baldwin-Lomax simulation as well as its effects on
the overall structure of the wake region. From the
figure, it can be seen that the results obtained with
the Baldwin-Lomax model exhibited an axial veloc-
ity distribution that peaks negatively very close to
the base and then recovers too fast, producing an
early reattachment at z/R = 1.75. If the turbu-
lence diffusion across the shear layer had not been
overestimated, the recirculation region would have
lower velocities and a slower shear layer growth.
This would result in greater similarity between the
shape of the recirculation region predicted by the
simulation and that of the experiment.

The k-€ results appear to be in better agreement
with the experimental data, but nonetheless, they
(a) overpredict the magnitude of the velocity in the
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recirculation region at the base, (b) overpredict the
reattachment point by 30%, and (c) underpredict
the velocity recovery after the reattachment point.
The overprediction in the magnitude of the velocity
of the recirculating region is due to an overpredic-
tion in the amount of turbulence diffusion across
the separated shear layer. Although similar, the
turbulence diffusion is not as severe as that seen in
Baldwin-Lomax model results. Combined with an
underprediction in the growth of the shear layer,
this appears to delay reattachment.

Pressure Ratio Effects. Given the fundamen-
tal interest of this investigation in gas-metal at-
omization flows, numerical experiments were con-
ducted to determine the effects of jet pressure ra-
tio on the structure of the flow field at the base
of the cylinder. Using the same number of grid
points, simulations were conducted at pressure ra-
tios, P,/P,, of: 0.96 (5% overexpanded), 1.01 (=
design), and 1.07 (5% underexpanded). For all sim-
ulations, Chien’s k-e model was used.

Figure 10 compares the base pressure distribu-
tions for jets at the three pressure ratios considered.
From the figure, it can be seen that the shape of the
base pressure distribution appears to be indepen-
dent of the jet pressure ratio, being higher at the
center of the cylinder and flatter towards its edge.
As expected, the magnitude of the base pressure
is inversely proportional to the jet pressure ratio.
However, this behavior was found to be nonlinear
given that a 5% change in jet pressure ratio yielded
a larger change in base pressure for the underex-
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panded jet than for the overexpanded jet.

Even more interesting is the comparison between
the flow field structures obtained for the different
jet-pressure ratios. Figure 11 shows static pressure
and Mach number distributions for the three jets.
The Mach number distributions appear to be very
similar in character at all pressure ratios, with an
inner shear layer that attaches to the axis of sym-
metry near /R = 3.5. The outer shear layer fol-
lows the contours of the pressure diamonds with lim-
ited spreading (about R thickness) at distances of
z/R=T.

The pressure distributions illustrate many of the
flow structures schematically described in Figure 1.
For the overexpanded jet (top diagram in Figure
11), a weak shock wave is seen emerging from the
outer lip of the nozzle. This shock wave crosses
the expansion fan emerging at the end-corner of the
circular cylinder and with it, encapsulates the recir-
culation region at the base of the cylinder. Some-
thing very similar is observed in the underexpanded
jet (bottom diagram in Figure 11), although the
shock wave is replaced by an expansion wave that
emanates from the outer lip of the nozzle. In the
design jet (center diagram in Figure 11), there is
neither a shock nor an expansion wave originating
at the outer lip of the nozzle (the lines on this re-
gion are due to noise in the contouring algorithm)
and therefore, there is no encapsulation of the base
flow region by wave structures. The size of the recir-
culation region appears to be directly proportional
to the jet pressure ratio.

Further downstream, the jet structures appear to
be very similar. The expansion waves emanating
from the end-corner of the cylinder are reflected as
compression waves by the outer shear layer. They
interact with the compression waves created in the
reattachment zone at the axis of symmetry and lead
to two shock waves from different families which
then initiate a dual diamond structure similar to
that seen in annular supersonic jets.

For all three pressure ratios studied, some of the
structures associated with the inner shear layer re-
main for distances of up to /R = 9 (see Figure 12).
This continuation of the inner shear layer prevents
the downward propagating shock wave from reach-
ing the axis of symmetry, reflecting it at /R ~ 6.2
and r/R ~ 0.5. This process totally bypasses the
formation of the Mach reflection reported in other
base flow investigations.? Meanwhile, the upward
propagating shock wave reflects from the outer shear
layer at /R = 6.4 resulting in an expansion fan
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Figure 12. Density distribution in the wake of a
circular cylinder at design pressure ratio (p/prey,
pref = 1.293 kg/m?).
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Figure 13. Effect of jet pressure ratio on mean ax-

ial velocity distribution in the test section (u, =

569 m/s). —----: Overexpanded, P./P, = 0.96;

Figure 11.
sure (P/P,, upper halves) and Mach number (lower
halves) distributions in the wake of the circular
cylinder. (Top) overexpanded, P./P, = 0.96; (Cen-

Effect of jet pressure ratio on pres-

ter) design, P./P, =
panded, P./P, = 1.07.

1.01; (Bottom) underex-

Design, P./P, = 1.01; === : Underex-
panded, P. /P, = 1.07.

that is absorbed by the continuation of the inner
shear layer in the area from z/R ~ 8 to /R ~ 9.2.
From this location on, the jet loses its dual diamond
structure associated with its annular formation and
instead, exhibits a single barrel-shock chain similar
to that seen in regular supersonic jets.

Figure 13 shows the effects of pressure ratio on the
axial velocity distribution of the jet. For z/R < 2,
the velocity distribution remains almost unchanged,
peaking negatively at /R =~ 1.5. However, for
larger axial distances, the length of the jet struc-
tures is directly proportional to the pressure ratio.

Contrary to the other structures, the reattach-
ment point moves upstream in the underexpanded
jet and downstream in the overexpanded jet. This
behavior results from the strength of the expansion
fan at the end-corner of the cylinder. This expan-
sion fan deflects the flow in the underexpanded jet
at a sharper angle towards the axis of symmetry
than it does in the overexpanded jet. The fact that
the magnitude of the change in the location of reat-
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tachment is almost the same for both off-design jets
indicates that the relation between pressure ratio
and reattachment location is linear for this range of
pressure ratios.

At larger axial distances (5 < /R < 7), the axial
velocity peaks for the first time. The deceleration
that follows tends towards the discontinuity associ-
ated with a Mach reflection as the pressure ratio is
increased. In fact, the peak in axial velocity only
attains a Mach number of 0.5 for the overexpanded
jet, while it reaches M = 0.9 for the underexpanded
case. Further increases in the pressure ratio force
the inner shear layer closer to the axis of symmetry,
resulting in the formation of a Mach reflection.

Conclusions

The strengths and limitations of the NPARC
code when used to model supersonic based flows
have been assessed. Simulations of compressible
boundary layers demonstrated deficiencies in the
NPARC’s implementation of the Baldwin-Lomax
turbulence model which yields discontinuous eddy
viscosity distributions in wall bounded flows and no
turbulence in free shear flows. With the addition of
the wake model proposed by Baldwin & Lomax and
a trapezoidal filter, the model could be useful in the
computation of complex flows.

The k-e model by Grasso & Falconi yielded un-
satisfactory results for boundary layers with free
stream Mach numbers in the 0.2 to 4.0 range. The
problems seen with this model appear to be due to
large values of turbulent dissipation near the wall
and the dissipative nature of the extra compressibil-
ity terms. With attention to discretization details,
the k-e model by Chien rendered results in agree-
ment with DNS data for boundary layer flows and
with experiments involving base flows.

The base flow results obtained in this investiga-
tion are in good agreement with the experimental
data and results of previous numerical investiga-
tions. Local values of base pressure were found to
differ from their experimental counterparts by as
much as 22%. However, the averaged value of base
pressure was found to be in agreement with the ex-
periment. The location of the reattachment point
was overpredicted by 30% due to a smaller than ex-
pected growth of the inner shear layer.

The magnitude of the base pressure was found to
be inversely proportional to the jet pressure ratio,
even though the function appears to be nonlinear.
The axial location of jet structures were found to
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directly proportional to the jet pressure ratio. How-
ever, the location of the reattachment point was
found to follow the inverse behavior. This effect
was shown to be associated with the strength of the
expansion process at the end-corner of the circu-
lar cylinder which deflects the inner shear layer at
sharper angles for higher pressure ratios.

The results indicate that there are four distinct
flow regimes that these base flows undergo as a func-
tion of jet pressure ratio. At low pressure ratios in
the overexpanded regime, the jet exhibits an annular
structure which leads to an open base region with a
pressure close to that of the receiving chamber. At
pressure ratios near the design condition, the inner
shear layer reaches the axis of symmetry closing the
base region. However, a subsonic core remains and
this perpetuates the annular wave structure of the
jet. At higher pressure ratios, the core of the jet
attains supersonic velocities and leads to the forma-
tion of a Mach reflection downstream of the reat-
tachment point. This Mach reflection changes the
character of the jet from annular to circular. Fur-
ther increases in the jet pressure ratio lead to the
replacement of the Mach reflection by a simple re-
flection at the axis of symmetry.

The methodology used in this investigation
should enable the use of the NPARC code for
the simulation of the gas-only flow fields in close-
coupled gas-metal atomizers that have geometries
similar to that studied here.
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