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Investigation of the Temporal Thermal Performance of the
Wheel Outboard of an Aircraft

C. P. Desai* and K. Vafait
Ohio State University, Columbus, Ohio 43210

Three-dimensional transient natural convection flow and heat transfer around the wheel outboard portion
of an aircraft brake housing was investigated. The wheel outboard is modeled as an annular cavity with one
end open to the ambient surroundings. The temporal development of the flow and temperature fields and its
effect on the thermal performance of the brake housing outboard is discussed. The transient results are presented
here by means of the velocity and temperature fields and the average Nusselt numbers over the different surfaces
of the geometry. The effect of Rayleigh number and length of the inner cylinder on the thermal performance
of the wheel outboard are also discussed.

Nomenclature
F = force vector of the unknown variables
K = stiffness matrix (representing the diffusion and

convection of energy)
Ll = length of the inner cylinder
L2 = length of the outer cylinder
L3 = length of the extended computational domain
M = mass matrix
Nu = Nusselt number, defined in Eq. (16)
n = outward normal to a surface
Pr = Prandtl number, via
p = pressure
Ra = Rayleigh number, gpR3

2&T/va
Rl = radius of the inner cylinder
R2 = radius of the outer cylinder
#3 = radius of the extended computational domain
r, 0, z = cylindrical coordinates
T = temperature
Tn = reference (ambient) temperature
t = time
w r, ue, uz = r, 0, z components of velocity
V = column vector consisting of all the unknown

variables in the computational domain
(ur, ue, uz,p, T)

a = thermal diffusivity
ju, = dynamic viscosity

I. Introduction

T HE wheel outboard of the brake housing of an aircraft
shown in Fig. 1, can be modeled as an annular cavity

with one end open to the ambient surroundings. Thus, the
thermal performance of the wheel outboard can be assessed
by studying the complex, transient three-dimensional process
of natural convection in a partially open annular cavity.

Three-dimensional numerical studies have been made on
the buoyancy induced flow and heat transfer in an annulus
with closed end walls.1'3 However, the even more interesting
phenomenon of buoyancy driven flow in an annular cavity
with an open end has only recently received some attention.
The buoyancy induced flow in a partially open cavity is char-
acterized by the complex interactions betwen the inner and
outer flow and temperature fields. There has been very little
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work on these types of interactions which can occur in various
practical applications.

The wheel outboard portion of an aircraft brake housing is
a direct application of this geometry. When an aircraft lands,
the brakes (which are usually of the disc-type) are applied.
Because of the considerable amount of kinetic energy that
has to be dissipated as friction, the amount of heat generated
in the brake assembly is quite large. The real cooling process
begins after the aircraft comes to a halt, because the time
interval between the application of the brakes and the aircraft
becoming stationary is relatively small. The brake housing
assembly partly interacts with the surroundings through the
wheel outboard portion. The axle becomes hot, and since it
extends into the wheel outboard portion of the assembly,
causes natural convection currents to be set up in this region.
This is responsible for the cooling of the brake assembly in
the absence of any artificial means in the "ambient" sur-
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Wheel Outboard portion of
the Aircraft Brake Housing -^- —I
(The Geometry being modeled)

Fig. 1 Schematic sketch of the brake housing assembly of an aircraft.
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roundings when the aircraft is stationary. Therefore, the axle
tip is the hot inner cylinder in the model and it is the part
that dissipates heat to the surroundings from the inner parts
of the brake housing. It is the above-mentioned process which
has been modeled in the present work. The annular cavity of
interest here is the portion between the axle tip and the wheel
rim on which the tire is mounted. A thorough understanding
of the natural convection process in this geometry provides a
strong basis for evaluating and optimizing the thermal per-
formance of the outboard of the brake housing assembly.

The main difficulty associated with the study of fluid flow
and heat transfer effects in open-ended structures is the spec-
ification of boundary conditions at the open end. It has been
shown,4-5 that the extent of the enlarged computational do-
main has a much more pronounced effect on the results than
those anticipated by previous researchers.

This work involves the numerical study of the "transient"
three-dimensional flow and heat transfer in a partially open
annular cavity which can be used to directly model domains
of practical interest such as the wheel outboard of the brake
housing of an aircraft. To study the complex interactions be-
tween the fluid inside the annular space and that in the am-
bient surroundings, the boundary conditions at the open end
are taken care of by making use of an extended computational
domain. The temporal nature of the convective process is
emphasized in this work. Transient results depicting the flow
and temperature fields are presented here for a typical case.
Transient heat transfer results in the form of spatially aver-
aged Nusselt numbers are also presented. The effect of the
length of the inner cylinder on the flow and temperature field
and the thermal performance of the brake housing is inves-
tigated.

II. Analysis

A. Governing Equations
The problem is modeled as a three-dimensional, transient,

natural convection flow of an incompressible fluid using the
Boussinesq approximation for which the governing equations
written in cylindrical coordinates are

(D © @ @ © —— ̂  Rigid Boundaries

(5) —— ̂ -Symmetry Boundary

(7) (g) —— ̂  Open Boundaries

Fig. 2 Extended computational domain used for the present study.

The following nondimensional parameters have been used
(for convenience the superscripts were dropped from the above
equations):
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B. Initial Conditions
All the walls of the annulus are assumed to be initially at

uniform, ambient temperature, and the fluid is assumed to
be stagnant and at the ambient temperature throughout the
computational domain. When the aircraft comes to a halt in
the ambient surroundings, the air occupying the wheel out-
board portion of the assembly can very well be approximated
as stagnant and at the ambient temperature. Therefore, the
initial conditions being used here relate very closely to the
physical situation being modeled in the present study. This
boundary condition can be stated as

t - 0
ur = ue = uz = T = 0

(6)

C. Boundary Conditions
We have made use of an extended computational domain

for implementing the virtually unknown boundary conditions
at the open end. A sketch of the computational domain for
a partially open annular cavity is shown in the Fig. 2. These
boundary conditions which have also been discussed by Desai
and Vafai6 are

1) For the axial end wall of the annulus

z = 0 and ~ < r < 1
K2

dT
ur = ue = uz = 0, — =

dz

(7)
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2) For the curved surface of the inner cylinder

ur = ue = uz = 0, T — Tl

3) For the curved surface of the outer cylinder

r = 1 and 0 < z < -^

ur = ue = uz — 0, T = T2

4) For the vertical (flat) surface of the inner cylinder

z = |i and 0 < r < j±

ur = ue = uz = 0, T — Tl

5) For the vertical (flat) surface of the outer cylinder

r D
z = —- and 1 < r < —-

dT
wr = W0 = uz = 0, — = 0

dz

6) For the symmetry plane

dur _ duz _ dT

(8)

(9)

(10)

(11)

dO 80
(12)

7) For the open radial boundary of the extended compu-
tational domain

(13)

8) For the open axial boundary of the extended compu-
tational domain
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A comment regarding the open ended boundary conditions,
7 and 8, would probably be appropriate here. With the nu-
merical scheme (discussed in the next section) used in the
present study, we had the following choices to represent the
boundary conditions at the open end of the cavity:

£ = 0

dn

where £ is the variable under consideration.
The first condition is based on the fact that the extension

of the boundaries beyond the open end of the annulus is so
large that the properties of the fluid leaving the cavity ap-
proach that of the ambient fluid. The second condition, on
the other hand, implies that we go only far enough as to ensure

that the gradient of the fluid variables is negligible in a di-
rection normal to the surface. After extensive numerical ex-
perimentation, we discovered that to model the open bound-
ary using the first method, we would need a very large
computational domain and, thus, the simulation would be
very expensive. The second method gives accurate results
without the necessity of a very large extension. Therefore, in
the present study, we have made use of this method to sim-
ulate the open boundaries of the computational domain.

In this work the open boundaries were systematically ex-
tended in all directions and the number of extensions nec-
essary for the computational domain to eliminate the effects
of the far-field solution on the flowfield and the heat transfer
characteristics inside the open cavity and its immediate sur-
roundings were determined. The results have been presented
for the number of extensions that were determined from the
above procedure. Many numerical runs were done in which
several different far-field boundary conditions plus different
extensions of the open boundaries were examined. We have
determined the number of extensions which are required to
make the flow and heat transfer characteristics inside the open
ended cavity and in its surroundings invariant.

This completes the formulation of the problem. To solve
the set of highly nonlinear, fully coupled governing equations
subject to the above boundary and initial conditions, a nu-
merical scheme was employed. This numerical scheme is briefly
described below.

D. Numerical Scheme
A Galerkin-based finite-element method was employed to

solve the system of differential equations in the present work.
This technique is well-described by Gresho et al.7 The incor-
poration of this numerical scheme in the finite-element code
used is also well-documented.8

The continuum domain is first divided into simply shaped
regions called elements within each of which the unknown
variables are approximated by using a set of interpolation
functions. Substituting these basis functions into the govern-
ing equations and boundary conditions yields a residual in
each of the equations. The Galerkin method of weighted re-
siduals reduces these errors to zero by making them orthog-
onal to the interpolation functions of each element. This pro-
cedure yields a system of equations for each element, which
can be written as

M — + K(V)-V = F
ot

(15)

To obtain a transient solution, the continuous time deriv-
ative needs to be replaced by an approximation for the history
of the time dependent variable over a small portion of the
problem time scale. In other words, some sort of a time in-
tegration scheme is necessary. The result is an incremental
procedure that advances the solution in discrete steps of time.
The trapezoidal scheme developed by Gresho et al.7 was used
for the time discretization of the governing equations. By an
appropriate combination of two common, second-order-ac-
curate integration techniques, the implicit trapezoidal rule
(TR), and an explicit Adams-Bashforth (AB) formula, they
developed a stable time integration scheme in which the size
of the time step can be optimally varied, based solely on
temporal accuracy requirements. Since an implicit time in-
tegrator has been used in the present case for discretization
of the governing equations in time, at each time step a non-
linear system of equations needs to be solved. We have used
the Quasi-Newton solution algorithm to solve the nonlinear
system at each time step. This algorithm can be shown to be
superlinearly convergent and, in practice, its convergence rate
approaches that of the Newton-Raphson, while the time for
one iteration of Quasi-Newton is typically 10-20% of the time
for a Newton-Raphson iteration.
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E. Heat Transfer Analysis
The local Nusselt number used in the present investigation

is defined by

MNu = —
dn

(16)

where n denotes the normal pointing outward from the surface
over which the Nusselt number is to be calculated

T - Tx

Nu = dn
d(n/R2) - Tx

L2

which is the ratio of the convection heat transfer to the heat
transfer by pure conduction between the two cylinders mul-
tiplied by a constant factor, given by

Therefore, we see that the Nusselt number defined here is
proportional to the ratio of the heat transferred by convection
to that by pure conduction between the inner and outer cyl-
inders. The local Nusselt number can therefore be evaluated
at any location. The mean Nusselt number over a surface of
area A is given by

A dn
(17)

These definitions of the local and average Nusselt number are
used to represent all the heat transfer results in the present
study.

III. Results and Discussion
Results presented here are for a hot inner cylinder (Tl =

1), a cold outer cylinder (T2 = 0), and a radius ratio of
R2/Rl = 2.5 and an outer cylinder length to radius ratio of
L2/R2 = 0.5. Air was used as the working fluid (Pr = 0.7).
The range of physical parameters used in the present study
has been obtained from those of an actual aircraft braking
housing. The temperatures attained by the axle are of the
order of 200-300°F and by using the actual dimensions, we
get Rayleigh numbers of the order of 106. Results for two
cases, hereby referred to as the "full-hub case" (inner cylinder
length = outer cylinder length) and "half-hub case" (inner
cylinder length = half the outer cylinder length) are presented
here. A schematic view of these two cases is shown in Fig. 3.
Some of the physical aspects and steady-state results for this
problem are presented in Desai and Vafai.6

In our study, a fine mesh was used in regions where steeper
gradients were expected, i.e., near all the solid walls and near
the open end of the annulus. The mesh was made progres-
sively coarser toward the far-field locations because the field
variables were not expected to change by a significant amount
in this part of the domain. We determined the mesh size and
the size of the extended computational domain after extensive
numerical experiments. For the full-hub geometry, the basic
grid structure consisted of 3968 elements though these had to
be increased to 6112 elements for higher Rayleigh numbers.
For the half-hub geometry, the basic grid structure consisted
of 5184 elements for low Rayleigh numbers, whereas for higher
Rayleigh numbers, the grid consisted of 8672 elements. In
our analysis, we used eight-noded isoparametric brick ele-

Full Hub Case Half Hub Case

Fig. 3 Schematic representation of the two geometrically different

ments with trilinear velocity and temperature approximations
and a discontinuous pressure approximation. Typically, all
the simulations were started with a rather conservative esti-
mate of the time step size (0.01-0.05). We established the
proper time step size by carrying out extensive numerical
experimentation. This is also necessary to understand the ev-
olution of the flow and temperature fields in the early stages
of the flow development. The variable time increment algo-
rithm incorporated in the code varies the time step size au-
tomatically as the flow evolves and approaches steady state.
The computations were performed on the Cray-YMP Super-
computer at the Ohio Supercomputer Center. The CPU time
required on the Cray-YMP Supercomputer for typical con-
verged steady-state solution was approximately 120 min.

A. Transient Flowfield and Isotherms
Figure 4 shows the three-dimensional flowfield at the sym-

metry plane. Results for the flowfield and isotherms are shown
in the symmetry plane during the evolution stage at Ra —
106 to provide an insight into the development process and
also the interaction between the inner and outer fluid regions.
Also, the formation of the bifurcation zone is clearly under-
stood with the help of these transient results and is the point
of emphasis in this section. The display times are chosen such
that pertinent information on the flowfield is well-exposed.
The corresponding isotherms at the same time steps are shown
in Fig. 5. In the early stages of flow development, conduction
is the dominant heat transfer mechanism throughout the an-
nulus as indicated by the nature of the isotherms in Figs. 5a
and 5b. The isotherms are clustered around the inner cylinder
as shown in these figures. During this period, the recirculating
flow in the radial planes has not gained enough momentum
to transfer energy from the inner cylinder to the other regions
of the annulus and the ambient. This is clearly seen from the
corresponding flow patterns in Figs. 4a and 4b. The flowfield
is characterized by the presence of very weak velocity com-
ponents.

As time progresses, the flow patterns in Figs. 4c and 4d
show that the recirculating flow in the axial direction, as well
as the radial planes, has become strong enough to increase
the temperature of the fluid in the cavity and its immediate
surrounding. From the velocity vector field it can be seen that
a relatively stagnant zone begins to appear in the cavity close
to the solid end wall. The axial velocity component is very
small in this stagnant zone. This is the bifurcation zone which
exists in the cavity at high Rayleigh numbers. In the cavity
there exist two spiral flow paths, one gushing into the cavity
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a) t = 0.2 b) t = 1.74 c) t = 3.65

d) t = 6.51 e) t = 13.1 f) t = 16.2

Fig. 4 Velocity vector field in the symmetry plane for Ra = 106 and
different time steps.

a) t = 0.2 b) t = 1.74 c) t = 3.65

d) t = 6.51 e) t = 13.1 f) t = 16.2

Fig. 5 Three-dimensional view of isotherms for Ra = 106 and dif-
ferent time steps.

from the ambient surrounding, and the other moving away
from the closed end wall and progressively gaining momentum
due to reduction of the wall shear effect. The interaction of
these two fluid paths causes the formation of the stagnant
zone in the cavity. The cavity fluid confined between the
bifurcation zone and the closed end wall of the annulus has
very little interaction with the surrounding. Fluid interacts

with the surrounding only up to the bifurcation zone. At later
times this flow pattern stabilizes and reaches a steady-state
pattern as shown in Figs. 4e and 4f, which does not change
with time.

B. Heat Transfer Results
At steady state, the isotherms for the full hub case at Ra

= 104 and at different positions inside the cavity were com-
pared with the isotherms over the closed end wall of the cavity.
As seen in Fig. 6 for almost half of the annulus length starting
from the axial end wall, the isotherms are eccentric circles,
i.e., they differ only slightly from the pure conduction regime,
thereby, indicating the presence of a weak convective flow in
the radial planes close to the end wall. The clustering of
isotherms around the lower half of the inner cylinder and the
upper half of the outer cylinder is a result of the crescent-
shaped recirculating flow pattern in the radial planes of the
cavity close to the end wall. The axial velocity component,
being very weak at these locations, has a relatively lesser
influence on the distribution of isotherms. Toward the open
end, however, the strong axial flow induced due to the pres-
ence of the open boundary coupled with the strong vertical
flow, significantly distorts the isotherms in the regions near
the aperture plane. The clustering of isotherms around the
inner and outer cylinders is more pronounced here than in
the regions inside the cavity. The strong axial velocity at the
open end causes this concentration of isotherms. The effect
of axial convection is maximum at the aperture plane where

a) z = 0, L2/4 b) z = 0, L2/2

c) z = 0, 3L2/4 d) z = 0, L2

e) Symmetry plane and end wall

Fig. 6 Isotherms for Ra = 104 (full-hub case).
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the magnitudes of the axial velocities are very high. The clus-
tering of isotherms along the vertical (flat) surface of the inner
cylinder is a direct result of the strong vertical flow along it.
The strong buoyant jet leaving the cavity from the open end
results in the concentration of the isotherms along the top
half of the outer cylinder as shown in Fig. 6d. The three-
dimensional view of the isotherms shown in Fig. 6e also clearly
indicates the presence of a strong vertical convective flow in
the region immediately outside the annular cavity.

At steady state for the full hub case and at Ra = 106, an
entirely different flowfield results in a considerably different
temperature field as shown in Fig. 7. A three-dimensional
view of the isotherms shown in the symmetry plane (Fig. 7c)
clearly indicates the bifurcated regions inside the cavity. Be-
cause of the higher velocities associated with the convective
flow in this case, the boundary-layer separation occurs at a
location closer to the top of the inner cylinder, and also the
very strong buoyant plume impinging on the outer cylinder
causes the isotherms to be mostly confined to the upper region
of the cavity. Thus, the heat transfer effects are mostly re-
stricted to the upper region of the outer cylinder because the
fluid in the lower half, close to the outer cylinder, is virtually
stagnant. In Figs. 7a and 7b, isotherms are shown in the same
planes which were used to demonstrate the flowfield and are
compared with the isotherms at the closed end wall.

The isotherms are clustered around the lower portion of
the inner cylinder because of the higher velocities in this re-
gion, and around the top portion of the outer cylinder as the
buoyant plume strikes it. Also, the clustering of isotherms at
the bottom of the inner cylinder is more pronounced because
of the higher velocities. Similarly, the clustering of isotherms
at the outer cylinder is more pronounced because of the higher
impingement velocities in this region. This trend continues
until the bifurcation zone where the strength of the convective
flow in the radial plane is maximum. At the bifurcation zone,
because of the higher velocities in the radial plane, the iso-
therms are clustered very close to the inner cylinder. This can
be seen from Fig. 7c. Beyond this plane, however, the iso-
therms are less dense around the top portion of the inner
cylinder because of a reduction in the strength of the flow in
the radial planes. But, because of the higher axial velocities
along the outer cylinder, the clustering of the isotherms at

a) z = 0, L2/8 b) z = 0, L2

c) Symmetry plane and end wall

Fig. 7 Isotherms for Ra = 106 (full-hub case).

the outer cylinder surface is still present. This pattern con-
tinues until the open end where, finally, due to the very high
velocities, the isotherms are concentrated around almost the
entire inner cylinder. The strong convective flow along the
heated vertical surface of the inner cylinder is obvious from
the clustering of isotherms along this surface. In the top part
of the flat surface of the inner cylinder, the clustering of
isotherms is significantly less than that in the lower half. This
is caused by the strong buoyant jet ejecting from the upper
half of the cavity which further enhances the thermal bound-
ary-layer thickness over the vertical flat surface of the inner
cylinder.

The transient heat transfer results are explained by consid-
ering the time history plots of the mean Nusselt numbers over
the inner and outer cylinders as a function of the nondimen-
sional time. Figures 8 and 9 show the transient heat transfer
results in the form of time history plots of the mean Nusselt
numbers over the inner and outer cylinders. In each figure a
comparison is made between the results for the full-hub and
half-hub case to understand the effect of the inner cylinder
length in heat transfer enhancement. Also, results are pre-
sented for the two Rayleigh numbers considered here so that

Full Hub CCLS«

Half Hub Caus«

2.0 4JQ
Non— •d

6-0 6.0

ncLl time

a) Ra = 104

Full Hub OJL*«

H<Uf Hub Case

0.0 2,0 4.0 ft.0 8,0

Non-dimensional time

b) Ra = 106

Fig. 8 Temporal variation of the mean Nusselt number (inner cyl-
inder).
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Non—dimensional time

a) Ra = 104

10.0

2.00

-0

E

5.0 10.0 15.0

Non-dimensional time

b) Ra = 106

Fig. 9 Temporal variation of the mean Nusselt number (outer cyl-
inder).

the influence of Rayleigh number on the rate of heat transfer
can be analyzed.

Figures 8a and 8b show the time history of the mean value
of the inner cylinder Nusselt number for Rayleigh numbers
of 104 and 106, respectively. From these figures, the effect of
Rayleigh number in enhancing the heat transfer from the inner
cylinder can be easily understood. The steady-state Nusselt
number for the full hub case is 5.0 for the lower Rayleigh
number and 13.1 for the higher Rayleigh number, therefore,
indicating a major heat transfer enhancement. The value of
the steady-state Nusselt number for the half hub case is 5.2
for the lower Rayleigh number and 14.0 for the higher Ray-
leigh number, again indicating a major increase in the heat
transfer. Furthermore, it can be seen that the Nusselt number
is the highest during the initial evolution stage when the iso-
therms are clustered around the inner cylinder, resulting in
high temperature gradients near the inner cylinder in the ini-
tial transient stages of the flow development.

Figures 9a and 9b show the transient results for the outer
cylinder mean Nusselt number. In both cases shown, one
common feature that can be observed is that the mean outer
cylinder Nusselt number for the half-hub case is higher than

that for the full-hub case during the initial stages of evolution
of the process. However, as the flow approaches steady state,
the trend reverses and it is observed that the heat transfer to
the outer cylinder is higher for the full hub case. The reason
for this feature is as follows. In the initial stages of flow
development, the higher local velocities in the cavity for the
half-hub case cause the buoyant plume emerging from the
surface of the inner cylinder to strike the outer cylinder at
higher velocities, thus resulting in higher heat transfer rates.
But, in the half-hub case, heat is transferred from a surface
(inner cylinder) which has only half the area compared to the
full-hub case. This causes a higher total heat transfer from
the inner cylinder to the fluid. In both cases, however, the
area of the outer cylinder over which heat transfer occurs is
equal. This results in a higher heat flux from the outer cylinder
in the full-hub case at steady state.

The influence of Rayleigh number on the heat transfer
effects can also be seen from the displayed results. The mean
Nusselt number has increased by more than 100% due to an
increase in Rayleigh number from 104 to 106. Also, in both
cases, the very low Nusselt number (almost equal to zero)
during the early stages is explained by the fact that all the
activity during the evolution stage is confined to a very thin
region around the inner cylinder. Hence, the fluid region close
to the outer cylinder is almost stagnant, therefore, resulting
in a very low heat transfer to the outer cylinder.

IV. Validity of the Numerical Code
The finite-element code used for obtaining the results in

the present study has been verified by Desai and Vafai.6 Ba-
sically, the work consisted of comparing the results obtained
from the finite-element code with the numercial and experi-
mental results of previous investigators. Results obtained by
Kuehn and Goldstein9 for a two-dimensional annulus were
used for bench marking some of our results. For the three-
dimensional annulus with finite length and solid end walls,
results were compared with those presented by Vafai and
Ettefagh10 and Takata et al.2 To avoid repetition, the com-
parisons are not presented here. For a more detailed com-
parative analysis, the reader is referred to the paper by Vafai
and Desai.11

V. Conclusions
The transient buoyancy induced flow and temperature fields

in partially open annuli representing the wheel outboard of
an aircraft are investigated in this work. A detailed study of
the heat transfer characteristics associated with this process
has been carried out. The influence of the length of the inner
cylinder on the heat transfer characteristics of the annulus has
been carefully studied. The numerical results have been ob-
tained for Rayleigh numbers of 104 and 106. The main results
that summarize the contributions of this study are the follow-
ing:

1) The open end causes a considerable enhancement in the
heat transfer in the vicinity of the open end region of the
wheel outboard. The numerical results show the complex in-
teractions of the ambient surrounding with the flowfield inside
the cavity.

2) The influence of the inner cylinder length on the heat
transfer characteristics of the wheel outboard has been in-
vestigated. Reduction of the length of the inner cylinder causes
higher heat transfer rates from the inner cylinder. At higher
Rayleigh numbers, the bifurcation zone is pushed further into
the cavity and closer to the end wall, thus causing a better
interaction of the ambient fluid with the cavity resulting in
an enhancement of the heat transfer from the hub section of
the wheel outboard.
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