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Abstract

Boundary conditions for subsonic inflow, bleed,
and subsonic outflow as implemented into the WIND
CFD code are assessed with respect to verification for
steady and unsteady flows associated with supersonic
inlets. Verification procedures include grid convergence
studies and comparisons to analytical data. The
objective is to examine errors, limitations, capabilities,
and behavior of the boundary conditions.
Computational studies were performed on
configurations derived from a "parameterized"
supersonic inlet. These include steady supersonic flows
with normal and oblique shocks, steady subsonic flow
in a diffuser, and unsteady flow with the propagation
and reflection of an acoustic disturbance.

Introduction

The use of gas turbine engines for aircraft capable
of supersonic flight requires inlets that decelerate and
compress the supersonic flow to subsonic conditions for
intake into the engine. The flow delivered to the engine
must be of high quality and directed in the axis of the
engine. The flow is characterized by supersonic flow
with strong shock waves interacting with turbulent
boundary layers in an adverse pressure gradient with
transition to subsonic flow. The performance of such
an inlet is measured in terms of maximizing the total
pressure recovery and minimizing the total pressure
distortion at the entrance to the engine. The use of flow
control devices such as porous bleed holes or slots is
one approach for achieving the desired performance by
removing low-energy flow in the boundary layer that is
susceptible to separation and stabilizing shock motion.
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Such inlet flows are being analyzed at the NASA
Glenn Research Center (GRC) using computational
fluid dynamics (CFD). A flow domain or control
volume is defined about the inlet for which the flow
field is computed. Boundary conditions must be
specified at the boundary of the flow domain. The CFD
analysis or simulation is highly dependent on the
boundary conditions because the flow is internal and
the boundary conditions are applied in proximity to the
complex flow features.

The boundary of the flow domain coincides with the
surfaces of the inlet and the specified extent of the
external and internal flow. The extent of the flow
domain is often limited and approximations are
introduced to keep the size and complexity of the flow
domain at the minimum needed to obtain an accurate
solution with the available computational resources.

The flow domain usually includes some of the flow
exterior to the inlet intake. The external flow
boundaries can often be located close to the intake of
the inlet through consideration of the wave nature of
supersonic flow. The boundary conditions for these
external boundaries are typically fixed inflow or
extrapolated outflow, which are applied in a
straightforward manner. These boundary conditions are
not discussed in this paper.

The flow domain for some simulations may consist
only of the subsonic diffuser, which usually starts at the
throat of the inlet and extends to the compressor face.
This requires a subsonic inflow boundary condition for
the inflow boundary. Such simulations may examine
the effects of boundary layer blockage on the flow in
the subsonic diffuser. Thus the subsonic inflow
boundary conditions must have the capability to impose
an inflow boundary layer. Such a boundary condition is
discussed in this paper.

The flow domain typically does not include the
small and complex geometric details of bleed slots or
holes. Rather, a boundary condition is applied to model
the effects of the bleed. The bleed slots or holes are
typically located on the internal surfaces of the inlet
with the core flow tangent to the boundary. Three
bleed models are discussed and applied in this paper.
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The flow domain typically terminates near the
compressor face to avoid the complexity of modeling
the geometry and dynamics of the compressor. This
requires the application of a subsonic outflow boundary
condition. This paper discusses five models for the
subsonic outflow boundary condition.

The first objective of this paper is to describe the
subsonic inflow, bleed, and subsonic outflow boundary
conditions that have been implemented into the WIND
CFD code and applied for the analysis of flows through
supersonic inlets.1'2

The second objective of the paper is to present
results of computational studies addressing the
verification of these boundary conditions. The studies
involve geometric configurations that are derived from
a "parameterized" supersonic inlet for which the
geometry and grid can be easily generated. This allows
a large number of simulations to be performed for a
variety of geometries and flow conditions, which
strengthens the verification process.

The next sections discuss the verification assessment
procedures, the WIND CFD code, the boundary
conditions, and the "parameterized" verification inlet.
The computational studies are then discussed and
include uniform supersonic flow with and without a
normal shock, an oblique shock / bleed interaction,
subsonic diffuser duct, and an annular duct with
unsteady flow of acoustic disturbances.

CFD Verification Assessment Procedures

Verification in the field of CFD is defined as

The process of determining that a model
implementation accurately represents the
developer's conceptual description of the
model and the solution to the model. 3

This is in contrast to validation, which examines
whether the models simulate real-world physics.
Verification has its basis in comparison to analytical
data, whereas validation has its basis in comparison to
experimental data.

The procedures of the verification assessment follow
the guidelines of the AIAA3 and the methods as
discussed by Roache4. Verification examines 1) if the
computational models are the correct implementation of
the conceptual models, and 2) if the resulting code can
be properly used for an analysis. The strategy is to
identify and quantify the errors in the code and the
solution. Thus, the two aspects of verification are the
verification of a code and the verification of a solution.
The verification of a code involves error evaluation,
that is, looking for errors in the coding (i.e. bugs) and
incorrect implementations of conceptual models. The

verification of a solution involves error estimation, that
is, determining the accuracy of a calculation and putting
an error band on the observed quantity. This paper is
focused on the verification of the subsonic inflow,
bleed, and subsonic outflow boundary conditions under
conditions common to those in supersonic inlets.

The verification assessment assumes that the
simulation has reached iterative convergence. For a
steady-state flow simulation, the reduction and
stabilization of the level of the residual of the flow
equations was one measure of iterative convergence.
Another measure was the approach of the values of the
duct mass flow, bleed mass flow, total pressure
recovery to asymptotic values with increasing number
of iterations. The iterations were continued for a
simulation until the bleed mass flow percentage was
invariant to the third decimal place or the mass-
weighted total pressure recovery was invariant to the
fourth decimal place.

Verification assessment involves performing
consistency checks. One such check is that mass is
conserved through the flow domain. For inlets and
ducts mass conservation can be assessed spatially along
the streamwise coordinate of the duct. Mass flow
bookkeeping tracks the mass flow through bleed
regions and the compressor face with that of the
captured mass flow.

Verification has its basis in comparison to analytical
data. Analytical data for verification of the boundary
conditions can be obtained from the constraints of the
model. The mass flow bleed model should preserve the
specified mass flow. Under the uniform conditions, the
porous bleed models should provide the mass flow as
indicated by the empirical relation for the specified
bleed geometry and flow conditions. The boundary
conditions are indirectly verified through comparison of
the simulation results to available analytic results for
the flow field. For the studies discussed here, there are
several analytic results for steady, inviscid flow. For an
inviscid, subsonic flow, the total temperature and total
pressure should be held through the duct. For flow with
shocks and turbulent flow the total pressure should
decrease through the duct.

One approach for verification of a solution is the
grid convergence study, which is a method for
determining the "ordered" discretization error in a CFD
solution. It involves performing the simulation on two
or more successively finer grids. The method results in
an error band on the computational result, which
indicates the possible difference between the discrete
and continuum value. The study assumes that the grid
is sufficiently refined such that the solution is in the
asymptotic range of convergence, which is the range in
which the discretization error reduces asymptotically
with decreasing grid size. The objective is to determine
the level at which the solution is invariant to the grid.
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The grids of this work were generated using a
characteristic grid spacing h. The finest grid spacing is
denoted as hj. For each grid, the simulation results in
an observed flow quantity /, such as pressure recovery.
The change in the quantity / between the grids is
expressed in terms of the grid convergence index
(GCI).4 The GCI between a finer grid with spacing hi
and coarser grid with spacing h2 is defined as

(1)
r '-l

where r is the refinement ratio between the finer grid
and coarser grid

= h2/hl (2)

and p is the order of grid convergence observed in the
simulations

TTT
/2 Jl

(3)

The Fs is the factor-of-safety. A value of Fs = 1.25 was
used in this work. A second-order solution would have
p = 2. The GCI is a measure of the percentage
difference of the computed quantity from the value of
the asymptotic numerical value; it approximates an
error band. It also indicates how much the solution
would change with further refinement of the grid.
Further details on conducting a grid convergence study
can be found in the book by Roache and on the NPARC
Verification and Validation web site.4'5

WIND CFD Code

The WIND CFD code is being developed by the
NPARC Alliance (National Program for Applications-
oriented Research in CFD), which is a partnership of
the NASA Glenn Research Center, the Air Force's
Arnold Engineering Development Center, and the
Boeing Company.1'2 WIND solves the time-dependent,
Reynolds-averaged Navier-Stokes equations for
turbulent, compressible flows using a cell-vertex, finite-
volume, time-marching approach on multi-zone,
structured grids. Spatial accuracy is nominally second-
order using the Roe flux-difference splitting upwind
formulation. Steady flows are simulated through an
iterative process using local time stepping. Unsteady
flows are simulated through a second-order marching in
time. Turbulence is modeled using one- or two-
equation eddy viscosity models. The Spalart-Allmaras
and SST models are the most-often-used models.

WIND is capable of solving for flows of speeds ranging
from low subsonic to hypersonic. The following three
sections describe the boundary conditions that are
assessed in this paper.

Subsonic Inflow Boundary Condition

A subsonic inflow boundary requires four physical
conditions to be specified and one numerical condition
to be evaluated from the interior of the flow domain.
The choice of how the four physical conditions are
specified and the numerical condition evaluated
characterize the boundary condition. Here our choice
is to specify the local total pressure pt, total temperature
Th and flow angles a and (3 as the physical conditions.
Such conditions are consistent with an inflow from a
plenum, boundary layer profile, or freestream.

A Newton iteration of the form

=Tm - (4)

is used to converge on the value of static temperature T
at the boundary. The function / is derived from the
definition of the total temperature

f = Tt -T - y - 1 V 2

2 jR

and approaches zero as the iteration converges,
differentiation of/ with respect to T is

/ ' == - (1 + V / A c ) .

(5)

The

(6)

The functions / and / and the speed of sound c are all
only functions of static temperature T. The V is
magnitude of the velocity v . The A comes from the
expression

(7)

where «/, a2, and a3 are the direction cosines of the
velocity and are evaluated by the expressions

(8a)
(8b)
(8c)

a2 = tana (l + tan2a + tan2

a3 = tan P (1 + tan2a + tan2

Since a and P are fixed, a\, a2, and a^ are also fixed.
The HI, /72, and n3 are the direction cosines of the
normal vector n of the boundary surface, which is
directed into the flow domain. Thus A is a constant in
Eq. 6. From the definition of the Riemann invariant R ,
the velocity magnitude is expressed as
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