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An implicit, multizone, finite volume three-dimensional Euler and Navier–Stokes solver known as Boeing—
computational-fluid-dynamics code has been developed for hybrid grids (structured, unstructured, or combina-
tions). The code contains multispecies capabilities, different numerical algorithms, and turbulence models. It has
been validated for subsonic through hypersonic flow regimes.

Introduction

C OMPUTATIONAL-FLUID-DYNAMICS (CFD) algorithms
and computer resources have matured to a level that CFD can

be used in the aerospace design process as opposed to just for risk
reduction and understanding of flow physics. However, the tradi-
tional approach with structured grid technology is often prohibitive
of reaching the cycle time required (100x improvement) for CFD
to be a design tool. The most time-consuming element in the ap-
plication cycle time is the grid-generation process. To overcome
this obstacle and make CFD available early in the design cycle,
we have decided to move to the unstructured grid technology. In
this manuscript we will discuss the development of the Navier–
Stokes solver BCFD (Boeing-CFD) and show several validation
cases.

The development of the unstructured grid technology at Boe-
ing began in 1999. Since then, we have developed a process
for faster turnaround of the CFD solutions. The grid-generation
process has substantially reduced the CFD cycle time. To main-
tain our existing CFD capability and build the unstructured grid
upon the existing technology, we decided to have both struc-
tured and unstructured grid capabilities within a single code,
BCFD.

Since 1999, we have achieved over a magnitude reduction in
our CFD cycle time. Although this is a substantial achievement,
we believe it is possible to reduce the cycle time by yet another
order of magnitude. We have reduced the cycle times from weeks
to days; the goal is to obtain a Navier–Stokes solution within a few
hours.

Navier–Stokes Solver (BCFD Code)
The unstructured-grid solver in BCFD solves the unsteady

reynolds-averaged Navier–Stokes equations in a multizone hybrid-
grid framework. Physical modeling capabilities of the hybrid-grid
solver include one-equation pointwise and Spalart–Allmaras (S-A)
turbulence models and multispecies flows with or without chemi-
cal reactions. BCFD employs a total-variation-diminishing (TVD)-
based1 second-order upwind finite volume scheme with backward
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Euler in time to discretize the governing RANS equations. Upwind-
ing is achieved through the use of Roe’s scheme2 or a modified
Rusanov’s scheme.3 The resulting algebraic equations are solved
using a point-implicit scheme.

In BCFD, the structured and unstructured-grid solvers employ
the same data structure for user input. English text is used for in-
put specifications, and all capabilities have a default setting. BCFD
is capable of solving URANS using a multizone mixed grid in
the sense that the grid can consist of some structured-grid zones
and some unstructured-grid zones. It can include unaligned zonal
boundaries. Thus, BCFD offers the flexibility of employing the
most appropriate grid topology for a region in the computational
domain. For instance, the structured grid (hexahedral) is the most
appropriate grid topology for viscous regions that involve bound-
aries with large curvatures, like the leading edge of a wing. Abil-
ity to employ the most appropriate grid topology for a region in
the computational domain enables optimum distribution of grid
cells.

The time-marching scheme employed in BCFD represents a com-
promise between computer memory and CPU time required for
large-scale computations. Although the point-implicit scheme em-
ployed in BCFD is not the best scheme from the point of view of
convergence, it has enabled the developers of BCFD to offer the
users an unstructured-grid CFD code that uses only about 80 words
of memory per grid cell. In spite of the fact that the cost and avail-
ability of computer memory have improved enormously in the last
few years, considering the fact that currently 20–30 million grid-
cell computations are performed routinely, a code that requires less
than 1 kB of memory per grid cell makes it possible to perform such
computations using available computing resources. The BCFD code
is integrated into the CFD process from geometry acquisition to en-
gineering results.

BCFD solves the unsteady, Reynolds-averaged, compressible,
Navier–Stokes (RANS) equations on grids with arbitrary cell
shapes. Parallel processing is achieved using message-passing inter-
face/parallel virtual machine (PVM) and a master-slave paradigm.
Flows involving equilibrium-air, frozen, and finite-rate chemistry
can be simulated using BCFD. Ability to handle unaligned bound-
aries makes BCFD a powerful analysis tool.

A finite volume scheme employs the integral form of the govern-
ing equations for a control volume (grid cell) given by

V
∂ q̄
∂t

+
∫

A

∫
(F + G) da = s (1)

where t is time, V is the cell volume, A the cell boundary, a the area
normal vector, and s is a source term vector. The vector of dependent
variables q̄, the inviscid flux tensor F = (f1, f2, f3), and the viscous
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flux tensor G = (g1, g2, g3) are given by

q̄ = 1

V

∫∫

cell

∫
q dV = [ρ̄, ρu, ρv, ρw, ē]T

f1 = [ρu, p + ρu2, ρuv, ρuw, (e + p)u]T

f2 = [ρv, ρvu, p + ρv2, ρvw, (e + p)v]T

f3 = [ρw, ρwu, ρwv, p + ρw2, (e + p)w]T

g1 = 1

Re

[
0, τxx , τxy, τxz, C1κ

∂T

∂x
+ uτxx + vτxy + wτxz

]T

g2 = 1

Re

[
0, τyx , τyy, τyz, C1κ

∂T

∂y
+ uτyx + vτyy + wτyz

]T

g3 = 1

Re

[
0, τzx , τzy, τzz, C1κ

∂T

∂z
+ uτzx + vτzy + wτzz

]T

(2)

where the bar refers to cell average and p, ρ, T , and (u, v, w)
represent nondimensional static pressure, density, temperature, and
Cartesian velocity components in the x, y, z directions. Total en-
ergy per unit volume e can be related to p, ρ, and (u, v, w) using
the equation

e = p/(γ − 1) + (ρ/2)(u2 + v2 + w2)

where γ is the ratio of specific heats. The equation of state relating
p, ρ, and T can be written as

T = p/ρC2

The parameters Re (Reynolds number) C1, in Eq. (2), and C2 in the
equation of state can be computed from the reference quantities and
the universal gas constant R0 as

Re = ρrefUref L ref

µref
, C1 = κrefTref

µrefU 2
ref

, C2 = ρref R0Tref

prefWref

where κ is the thermal conductivity, µ the coefficient of viscosity,
and W the molecular weight. The subscript ref refers to reference
quantities. In Eq. (2), τxx , τxy, τxz, τyx , τyy, τyz, τzx , τzy and τzz are
the components of the nondimensional viscous tensor.

From Eq. (1), a discretized form of the governing equations for
each control volume (grid cell) is obtained by replacing the integrals
with the weighted sum of the integrants at quadrature points. For
second-order accuracy, the integrants can be evaluated at face cen-
ters. Temporal derivative is approximated by a backward-difference
formula. Temporally first-order discretization leads to the implicit
scheme

q̄n + 1 − q̄n

�t
V +

∑
faces

(Fn + 1 + Gn + 1) da = sn + 1 (3)

where the superscripts n and n + 1 refer to time levels and
�t = tn + 1 − tn is the increment in time. Note that the scheme is
implicit because both the fluxes and the source terms are evaluated
at time level n + 1 and not time level n.

Using the Taylor series to derive first-order approximation in time
for Fn + 1, Gn + 1, and sn + 1, in terms of the solution at time level n,
we get

Fn + 1 = Fn + Jcv
i �q̄cv + Jnb

i �q̄nb

Gn + 1 = Gn + Jcv
v �q̄cv + Jnb

v �q̄nb, sn + 1 = sn + Jcv
s �q̄cv (4)

where �q̄ = q̄n + 1 − q̄n ; cv, and nb refer to the control-volume and
neighbor cells; the superscripts n and n + 1 to time levels; and sub-
scripts i , v, and s to inviscid, viscous, and source terms. The Jaco-
bians J are defined by

Jcell
i = ∂Fn

∂qcell
, Jcell

v = ∂Gn

∂qcell

and

Jcell
s = ∂sn

∂qcell
(5)

From Eqs. (3–5) we arrive at the following discretized form of the
governing equations:{

V I
�t

+
∑
faces

[(
Jcv

i + Jcv
v + Jcv

s

)
da

]} · �q̄cv

= sn −
∑
faces

(Fn + Gn) da −
∑
faces

[(
J nb

i + J nb
v

)
da

]
�q̄nb (6)

where I is the unit tensor.
Inviscid and viscous flux tensors F and G for a face are in general

complex functions of qcv and qnb, and hence exact expressions for
the Jacobians are not employed in practice. For steady flows, it
is not necessary to employ exact expressions because �q̄ → 0 on
convergence. Following Ref. 4, we define the inviscid Jacobians to
be

Jcv
i = 1

2

[(
∂F
∂q

)
face

+ β|λ|max

]
(7a)

Jnb
i = 1

2

[(
∂F
∂q

)
face

− β|λ|max

]
(7b)

where |λ|max is the maximum magnitude of the eigenvalue at the
face center and β is a relaxation parameter, usually set equal to 1.5.

The discretized governing equations for cell averages [Eq. (6)]
involve evaluation of fluxes at cell boundaries. Such an evaluation
requires smart interpolation to ensure accuracy and stability. In-
viscid and viscous fluxes are computed using different interpolation
schemes. For second-order inviscid fluxes, the interpolation scheme
employed in BCFD requires evaluation of gradients of the depen-
dent variables at cell centers. Computation of gradients at cell centers
involves the two steps described in the next two paragraphs.

In the first step, an initial approximation for the gradients is com-
puted using surface integrals with values of the dependent variables
at face centers computed as weighted means of their values at neigh-
boring cell centers. That is,

∇q = 1

Vcell

∑
faces

qa = 1

Vcell

∑
faces

(w1qcv + w2qnb)a (8)

where q refers to a component of q and the weights w1 and w2 can
be computed either based on the cell volumes or on the distance
between face center and cell centers.

In the next step, a slope-limiting procedure is employed to mod-
ify the gradients to ensure that when the gradients are used in the
computation of face-center values from cell-center values, no new
maxima or minima are created. Schemes that employ such a slope-
limiting procedure are referred to as TVD schemes. Slope-limited
gradients ∇q̂ are evaluated by comparing a cell gradient, component
by component, with corresponding quantities from its neighbors us-
ing a minmod operator. The expression for the minmod operator is
given by

|∇qmin|i = min(|∇q j |i ) jε neighbor cell

(∇q̂)i =




0 when (∇qcell)i · (∇qmin)i ≤ 0

sign(∇qcell)i · min[|∇qcell|i , cmp|∇qmin|i ]
when |∇qcell|i > |∇qmin|i
(∇qcell)i when |∇qcell|i < |∇qmin|i (9)
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where subscript i refers to a component of �q and cmp is an input
parameter > 1. A larger value for cmp yields more accurate solution.
Smaller value increases stability.

The next step in the solution process is computation of inviscid
fluxes at cell boundaries. An upwind scheme is employed for this
purpose. Computation of upwind fluxes requires evaluation of a
“left” and a “right” state at the centroid of a face using cell averages
and slope-limited gradients of the dependent variables for the two
neighboring cells. The expression for the two states can be written
as

qleft = qcv + rcf · ∇qcv (10a)

qright = qnb + rnf · ∇qnb (10b)

where rcf and rnf are radius vectors from corresponding cell centers
to face center. The expression for the upwind flux resulting from
Roe’s scheme can be written as

FRoe = 1
2 [F(qleft) + F(qright)] − 1

2 |J|(qright − qleft) (11)

where J is the Jacobian matrix computed at facecenter using qleft

and qright and Roe’s approximate Riemann solver. In the case of the
modified Rusanov’s scheme, the flux can be computed from

FRusanov = 1
2 [F(qleft) + F(qright)] − 1

2 δ|λ|max(qright − qleft) (12)

where δ is an input parameter. The original Rusanov’s scheme cor-
responds to δ = 1. While δ = 0.5 results in a stable scheme for many
problems with only half the dissipation as the original Rusanov’s
scheme, it has been possible to obtain stable solutions with values
for δ as low as 0.05. In most cases the value employed is between
0.1 and 0.25.

Computation of viscous fluxes requires evaluation of gradients
at face centers. In BCFD, gradients at face centers are computed in
such a way that the components of gradients in the direction normal
to a face are obtained using the cell averages from neighboring cells,
whereas the components in the plane of the face are computed as
a weighted mean of the corresponding components of the two cell
gradients. The expressions for the viscous flux Jacobians employed
in BCFD are the same as in Ref. 5.

With the computation of fluxes, Eq. (6) can now be solved to ob-
tain �q̄. BCFD employs a point-implicit scheme for solving Eq. (6).
Usually four iterations are performed for every time step. A pair of
iterations corresponds to a forward sweep followed by a backward
sweep. A forward sweep corresponds to solving for �q̄, starting with
the first cell and proceeding in the ascending order. The backward
sweep corresponds to starting from the last cell and proceeding in
the descending order. In the forward sweep, starting with an initial
approximation for �q̄, Eq. (6) is solved to obtain �q̄cell, cell = 1,
no of cells. Then, �q̄nb is obtained from the initial approximation
�q̄. In the case of the backward sweep, �q̄nb computed from the
forward sweep is employed. In BCFD, an initial approximation for
�q̄ is obtained using a diagonal scheme.

Validation and Results
Several cases have been run to validate the unstructured grid al-

gorithms implementations in the BCFD code. The BCFD code is
operational on structured and hybrid unstructured grids. The vis-
cous grids for all validation cases were prismatic in the boundary
layer and tetrahedral outside the boundary layer and away from the
surfaces.

Verification of Implementation on a Flat Plate
The first case used for validation is subsonic flow at Mach = 0.2,

Re = 2.25 × 106 over a flat plate. The y+ for this case was set at 0.5,
and as a result it took over 30,000 iterations to converge. In general,
for y+ < 1 the pressure field and over all viscous forces (90%) are
established quickly, but the last 10% convergence of the viscous
forces takes a substantial number of iterations. To overcome this
problem, we are implementing grid-agglomeration capability in the
BCFD code. However, it is possible to get accurate solutions with y+

Fig. 1 Skin-friction coefficients for a flat plate at Mach = 0.2, y+ = 0.5.

of 3 to 5. The skin-friction coefficients are shown in Fig. 1 for CFD
and experimental data. The unstructured grid CFD result matches
the data very well.

Solution Demonstration on an ONERA Wing
The CFD results were obtained for the ONERA wing at

Mach = 0.84, angle of attack (AOA) = 5.06, Re = 11.78 × 106 with
both structured and unstructured grid. Both sets of CFD results were
obtained using the one-equation S-A model. The surface-pressure
coefficients are compared with each other and experimental data at
several spanwise locations in Figs. 2a–2f. The CFD results match
each other and data very well.

Solution Demonstration with a Generic Weapon
The unstructured grid enables detailed modeling of a con-

figuration without any additional time and negative impacts on
the Navier–Stokes solver. In this case fins and strakes were
modeled. The grid contains 4.65 million cells. The solutions
were obtained for freestream Mach = 0.8, pressure = 6.75 psi, and
temperature = 447.40R. The one-equation S-A turbulence model
and Rusanov algorithm were employed for this study. The CFD
solutions were obtained for six different angles of attack between
4 and 30 deg. The configuration and surface-pressure coefficient
contours are shown in Figs. 3 and 4. The CFD results are compared
against the data for pitching moments and normal-force coefficients
in Figs. 5 and 6, respectively. The CFD results match the data very
well at all angles of attack.

Generic Commercial Aircraft
A simplified configuration representing a commercial aircraft was

chosen to evaluate the code performance. Two grids were generated,
one representative of a wall function and the other solving to the
wall. The wall-function grid contains 4.3 million cells and the grid
for solving to the wall 5.0 million. The surface grid on the wing
is shown in Fig. 7, and a cross section of the volume grid on the
wing is depicted in Fig. 8. Prismatic grid is used in the boundary
layer, pyramid in the transition layer from prism to tetrahedral, and
tetrahedral in outer layer.

Solutions were obtained at a freestream Mach number of 0.2,
Re = 2.36 × 106/chord and AOA = 4,10, and 16 deg. It is signif-
icantly faster to obtain a solution with the wall function than to
solve to the wall. The wall-function approach is not accurate for all
flow conditions such as massively separated flows. However, with
care one can use the wall-function grid to obtain accurate and fast
turnaround time. To make sure that there are sufficient points in
the boundary layer, the grid needs to be restretched from the sec-
ond point onward. The surface-pressure coefficient for AOA = 4 is
shown in Fig. 9. The lift and drag coefficients are shown in Figs. 10a
and 10b, and the results compare well with the data. The solutions
were converged within 12,000 iterations and approximately 60 h
on 18 CPUs. Figure 11 shows the history of the lift convergence.
As one can see, the lift was about 90% converged at about 4000
iterations. However, it took another 8000 iteration to fully con-
verge the solution. This is representative of most cases we have
obtained.
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a)

b)

c)

d)

e)

f)

Fig. 2 Surface-pressure coefficients for ONERA wing at a–d) two different wing-spans and e) and f) four different wing spans.

Fig. 3 Weapon configuration.

Solution Demonstration with F-18 Store Carriage
The CFD Challenge II cases, summarized in Ref. 6, assess the ac-

curacy of CFD codes in predicting the loads on a Mk-84 joint direct
attack munition (JDAM) carried on the outboard wing pylon of a
CF/A-18C. Carriage loads have been predicted using CFD by a num-
ber of authors (Refs. 7–13) at two conditions: M = 0.962 at 6382 ft
altitude and an angle of attack of 0.46 deg and M = 1.055 at 10,832 ft
altitude and an angle of attack of −0.65 deg. Wind-tunnel and flight

Fig. 4 Surface-pressure coefficient.

measurements are also available at these conditions. Figure 12 de-
picts the supersonic solution computed with BCFD on this configu-
ration. The grid had 6.7 million cells consisting of both tetrahedral
and prisms elements. Prism layers were generated around the Mk-84
JDAM and its pylon, whereas the rest of the aircraft and volume used
approximately isotropic tetrahedral cells. Slip walls were used ev-
erywhere except for the store and pylon of interest to reduce the grid
size and computational cost. This grid and the resulting solution cost
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Fig. 5 Pitching-moments coefficients.

Fig. 6 Normal-force coefficients.

Fig. 7 Surface grid.

were quite comparable to data that had been reported for compara-
ble flow solvers on this problem (Refs. 6 and 13). Table 1 compares
the wind-tunnel and flight data reported in Ref. 14 to the BCFD
force-and-moment coefficients. Although there is as much as 25%
difference in some of the force-and-moment data, the BCFD results
fell well within the scatter in the results of the other reported codes.

Convergence Acceleration
Solution convergence in the BCFD code can be tracked with

residual or the force and moments. The residual usually drops by
about two to three orders of magnitude before it levels off. The
force and moments are usually a better gauge for the convergence

Table 1 Force-and-moment coefficient comparison between
experiment and BCFD for weapon carriage simulations

Data source CY CN Cm Cn

M = 0.962 case
Wind tunnel 0.3105 0.1088 −2.3208 2.7642
Flight test 0.3140 0.1491 −2.50 2.8019
BCFD 0.2416 0.0856 −2.120 2.092

M = 1.055 case
Wind tunnel 0.2351 0.0246 −2.0660 2.5566
Flight test 0.2509 0.0491 −2.00 2.2075
BCFD 0.2126 0.0115 −2.197 1.9387

Fig. 8 Sectional cut of the volume grid.

Fig. 9 Surface-pressure coefficient.

in the BCFD code. There are a couple of ways to accelerate the
solution: one is by reordering cells to a string of lines 1000 point
each. This would allow the use of higher Courant–Friedrichs–Lewy
(CFL) and, as a result, faster convergence. Figure 13a shows the
convergence history of the pressure coefficients with reorder cells
and CFL = 50 and no reordering cells with CFL = 5. There is about
a factor of two improvements in convergence. The second approach
is to use the reorder-cell grid with the implicit line Gauss-sidle. The
line implicit improves the convergence by another factor of two over
the point implicit at the same CFL number (Fig. 13). It appears that
by increasing the line from 5 points to 1000 points and CFL from 50
to 500, the solution convergence increased only slightly (by about
500 iterations). Of course by increasing the number of points per
line, the memory requirements go up.
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a) b)

Fig. 10 Comparison of CFD and data for lift and drag coefficients.

Fig. 11 History of lift coefficient convergence.

a) Aircraft pressure coefficient contours b) Store and pylon detail pressure coefficient contours

Fig. 12 Pressure coefficients on CF/A-18C and Mk-84 JDAM at M = 1.055, 10,832 ft altitude, and −−0.65 angle of attack.

a) b)

Fig. 13 Convergence history of pressure-drag coefficients.
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Conclusions
A general geometry, three-dimensional, implicit, Euler, and

Navier–Stokes solver for structured and hybrid-unstructured grids
has been developed. Two one-equation turbulence models for the
unstructured grid have been implemented. The Liu–Vinokur equi-
librium air curve fits and finite-rate chemistry for high-speed and
chemically reacting flow have been implemented. The code has
been validated for a wide range of applications from low subsonic
through hypersonic. To achieve the fast turnaround time required
by all projects, it is necessary to implement a multigrid capability
in the BCFD code. We have begun the implementation of the two-
level grid agglomeration with the ultimate goal of n-level multigrid
capability.
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