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Abstract

The present paper presents the results of a numerical study of the topside airwake flow and stack gas tem-
perature field around the San Antonio class LPD 17. An LES simulation of the flow was performed using a
Smagorinsky turbulence closure model. The time integration was implicit using a monolithic scheme. This study
was performed for a 0 degree angle of attack of inflow. The computed results for the velocity agree well with the

experimental data.

Introduction

The air flow over the complex geometry of a ship su-
perstructure is incompressible, unsteady, and turbulent.
Such a flow may be solved using large eddy simulation
(LES) coupled with the appropiate turbulence model. A
quantitative description of the flow unsteadiness in the
landing area is crucial for aircraft operations, e.g. tak-
ing off and landing. The incorporation of the dynamics
of the flow structures can add significantly to the realism
of pilot training simulators. There have been a number
of computational studies of ship topside airwake recently
[3,4, 5,11, 13, 14, 15, 16]. We have carried out computa-
tional airwake studies which addressed helicopter landing
[6], and stack gas flow and ingestion into ship spaces [7, 8].
The present study extends our previous airwake compu-
tation on the LPD-17 [13, 14] to include coupling the ship
topside flow to the thermal transport and diffusion of the
gas from multiple stacks. We examine not only the heat
of the gas as an indicator of potential problems for top-
side equipment operation but also the particle trajectories
and impingement zones which can be related to material
degradation. The present study addresses the case for 0

degree angle of attack of the inflow, i.e. ship streaming
into calm wind conditions.

Finite Element Formulation

The incompressible Navier-Stokes equations to be solved
here are:

6—u+(u-V)u—l/Au+Vp:f in Qx(0,¢y),

5t 1)
V-u=0 in Qx(0,¢y)

(2)

where (2 is the flow domain, ¢ is the time variable, u the
velocity field, V the gradient operator, v the kinematic
viscosity, A the Laplacian operator, p the pressure and f
the external body forces (i.e. the gravity and the Boussi-
nesq forces).

Let o be the viscous stress tensor and n the unit out-
ward normal to the boundary 9€2. Denoting by an overbar
prescribed values, the boundary conditions for (2) to be
considered here are:
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u=u on I'y,, p=D
and

n-oc=t%t on I'ny,
U-N=T,, N-O-g =t
and

n-o-g,=1%t on I'my (3)
for t € (to,ty). The boundary 0 has been considered
split into three sets of disjoint components Iy, I'mu
and I'muy, the latter being the part where mixed condi-
tions are prescribed: the normal velocity and the tangent
stresses. Vectors g; and g, (for the three-dimensional
case) span the space tangent to I'my. Finally, gy and
T'nu are the two disjoint components of 92 where Dirich-
let and Neumann boundary conditions for the velocity
are prescribed. Compatible initial conditions have to be
appended to problem (2)-(3).

The monolithic time-accurate formulation presented
in [20, 18], was used to discretize the incompressible
Navier-Stokes equations. Such a formulation can be writ-
ten as follows: Given u, find (up™!, pptt, aptt gnth)

in Vi x Qp X V', x V, such that

n+1,:

E(uh —up,vp) + (uﬁ””"l : VUZJra’ia’lih)

+(I/V’U,Z+a’i, Vo) + (VpZ“”'*l,vh) +

(T(uz+9,i71 i vuz+0,i _ ﬂ_z+€,i71)’uz+9,i71 i V’Uh)
= (" vp) + (@™ n, o), (4)

SVttt — pp T Vgy) +

(r(Vpptht — €T V)
=—(V-uy™,q) (5)

( n+60,i ~ _ n+6,: n+6,i ~

Uy avh) - (u’h : v’u’h 7'Uh) (6)
(€)= (Vo 8)  (7)

Y(vpn,qn,0n,0n) € Vi X Qp X Vi x Vh, where the in-
trinsic time step size is defined as:

h2

"= T 2l ®

being h and ||u|| the elemental size and velocity norm, re-

spectively. The following notation has been used above:

(a,b):/a-bdﬂ
Q
and

(a,b)r :/a-bdF 9)
r

The superscript n and 4 stand for the time step counter
and the block Gauss-Seidel iteration number into each
time step, respectively, 0 < 8 < 1 is the trapezoidal rule
parameter (§ = 1 backward-Euler and # = 0.5 Crank-
Nicholson time discretization), the subscript h refers to
the discrete functions, w and & are the projection into the
finite element space of the pressure and convective terms,
respectively, and the functional spaces V', and @}, are the
standard linear finite element ones.

In the above formulation, the advective effects are sta-
bilized by the fifth LHS term of (4), which is the subtrac-
tion of the classical streamline diffusion term [2, 12] and
its projection into the finite element space. The pressure
is stabilized following the same idea (terms multiplies by
7 in (5)): by adding to the weak incompressible equa-
tion the subtraction of the gradient of pressures and its
projection.

If the one dimensional stencil of a nodal point % is
developed for the advective terms (Galerkin plus stabiliz-
ing), the following expression is found:

1
Ly = ga(uk_Z — 8up—1 + 6up + Upt2) (10)

i—1 . . .
where a = ul %" is the advective velocity, and u; =
uh?H’Z the unknown. Using a Taylor expansion around

Uk, it can be shown that this term represents the follow-
ing formal second order discretization of the convective
operator:

h2 d3uk

duk 1
6 dz?

- _ 3
adm_hk +O(h)

(11)

In the same way, the one-dimensional stencil of the pres-
sure stabilizing terms (see (5)) is:

Pe+1 — Pk Pk+1 —Pk—1  Pk+2 — Pk
— — 12
T( h ah 4h ) (12)
which can be re-written at the right hand side as:
T h
~7 (Pk — Pkt1 + §(Vpk + Vpk+1)) (13)
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where Vpy, is the second order finite difference gradi-
ent of p evaluated at nodal point k, this is Vp, =
(Pk+1 — Pr—1)/2h. The (13) term is exactly the same
higher order term presented by Lohner et al. in [9, 10],
and is equivalent to a fourth-order damping term for the
divergence equation. If the contributions of the two edges
surrounding the nodal point k£ are written down, it can
be seen that the final LHS stencil for the equation & is:

T
which implies

_7'3 4
Sk = 13"

d*pi
dz?
Then, taking into account that 7 is proportional to h or
to h? for convective or viscous dominated flows respec-
tively (see (8)), the pressure stabilizing term is formally
at least a fourth order term.

REMARK 1: Note that the method is consistent.
The solution of (1)-(2) is solution of (4)-(7), and when
the mesh size h tends to zero, not only the stabiliz-
ing “viscosity” 7 (see equation (8)) tends to zero, but
also the stabilizing pressure and advective residual terms
(Vp;z+1,z_£n+l,i71 and ug—i—&,z—l‘vuz—i-G,z_ﬂ_Z—i-G,z—l). In
addition, if # = 0.5 is used for the trapezoidal rule (Crank
Nicholson), it is formally second order accurate in time,
and it is clear from the discrete form (4)-(7), that the
steady-state solution does not depend on the time step
size.

+ O(h").

(15)

Turbulence Closures

Smagorinsky Model

The Reynolds-stress tensor given by 7;; = —u/u; is mod-

eled by Equation (16) in the Smagorinsky closure [17].

2VtuTSij (16)

<6U,- 6Uj)
+

axj 8.’L‘Z

where S;; is the resolved strain rate and vy, is the

Smagorinsky eddy viscosity given by

(17)

N | =

Viur = (Csh)2 S’L]Sz (18)

where h is the grid scale and Cj is the Smagorinsky coef-
ficient that can be adjusted 0.10 < Cs < 0.24.

Problem Description

The geometry of the LPD17 is illustrated in Figure (1).
The dimensions of the ship are: 200 m in length, 30 m in
width, and 50 m in height above the waterline.

Figure 1: LPD17: geometry.

The ship has two main masts. The standard config-
uration of the ship has 5 diesel generator engine stacks
(D/G), and 4 main propulsion engine stacks (M/P).
These stacks are grouped as follow: 2 D/G behind the
front mast, 2 M/P and 1 D/G in the right side of the
ship between the two masts, and 2 M/P and 2 D/G in the
left side before the landing deck. The flow rates and gas
exit temperatures used in the simulation corresponded
to the full power condition. The inflow condition is set
to uniform flow with a velocity of 30 knots (15.43 m/s)
assuming maximum ship speed. The inflow is in the x
direction.

An initial critical and time consuming step that must
be taken before airwake computations can begin is the
generation of a 3-D surface model that accurately repre-
sents the ship and is suitable for CFD computations. The
process of converting the design IGES files to the grid gen-
eration file format of the advancing front unstructured
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grid generator for FEFLO was described in our earlier
papers [13, 14]. Since the primary objective of the LPD-
17 experimental airwake measurement project was CFD
validation, great care was taken to ensure that our CFD
geometry file was in agreement, to within construction
accuracy, with the wind tunnel model. This highly ac-
curate surface representation was the starting point for
both the FEFLO computations [13, 14] and the FAST3D
computations carried out by Guillot et al [3, 4].

Figure 2: Front view of surface mesh.

We have, in the present study, carried out compu-
tations for about the same grid resolution used earlier
and also at a much higher resolution. Two different grid
resolutions were used, one coarser and other finer. The
coarser mesh has 490,000 points and 2,720,000 tetrahe-
dra. The finer mesh has 990,000 points and 5,640,000
tetrahedra. A view of the surface mesh for the coarser
mesh is shown in Figure (2). A mid plane of the volume
mesh is shown in Figure (3).

Figure 3: Mid plane of the volume mesh.

Results

LPD17 Topside Flow Study

The numerical simulation was performed with the implicit
monolithic scheme presented in a previous Section. The
time step was set to 0.01 s.. The density was 1.225 kg/m3,
and the viscosity was 1.789x 1075 kg/m/s. The Reynolds
number based on the height of the ship is 5 x 107. The
flow is in the turbulent regime for this Reynolds num-
ber. Due to the unsteadiness and turbulent characteris-
tics of the flow, an LES simulation was performed with
the Smagorinsky turbulence model described in [17]. The
Law of the Wall was used for the wall boundary condition.

In the first part of the run, a pseudo steady flow was
established. After this state was reached, the flow was
integrated for 90 s of real time. The whole run, includ-
ing the initialization part, took approximately 2 weeks
in 16 processors of an SGI 3800 shared memory machine
at the Naval Research Laboratory, Washington DC. The
pressure was set to the hydrostatic pressure. Buoyancy
effects are considered in the simulation using the Boussi-
nesq’s approximation. A surface shading of the pressure
field is shown in Figure (4). Snapshots of the velocity vec-
tors and velocity contour lines in a cut plane are shown
in Figure (5). The velocity vectors show large regions of
recirculation and a very complicated flow pattern above
the landing deck.
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Figure 4: LPD17: hydrostatic pressure shading.
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Figure 5: LPD17: velocity field in cut plane. Upper:
velocity contour lines in cut plane. Lower: velocity vector
plot in cut plane.

Two different techniques of visualization were applied
to give a better understanding of the flow pattern. First,
ribbons were used to visualize the flow. Figures (6) and
(7) show two snapshots from different views. The rib-
bons are instantaneous streamlines of the flow [1]. This

technique helps to capture the areas with recirculation.
Figure (6) shows a large recirculation above the land-
ing deck. Figure (7) shows a particularly interesting fea-
ture. The ribbons indicate a pronounced crossflow from
port to starboard near the middle of the ship. To visu-
alize more clearly the time-varying trajectory of the gas
and impingement zones on the superstructure, particles
colored with temperature were released from the stacks.
Figure (8) shows one such snapshot of released particles.

Figure 7: Ribbons colored with the velocity absolute value.
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Figure 8: Particles colored with gas temperature.

®

Figure 9: Position of station data time histories: side view
of the flight deck. Experimental measurements were obtained
at lines (1), (2), and (3)

Experimental velocity data from wind tunnel LDV
measurements was available at the positions shown in Fig-
ure (9). The experimental velocities were averaged and
compared with averaged numerical results. The numeri-
cal results were averaged over a period of 90 s. Figures
(10) to (18) show the comparisons. The plotted velocities
are in the x direction (u), in the y direction (v), and in the
z direction (w). The crosses are the experimental data,
the stars are the average of the numerical results, and
the dash-dotted lines are the standard deviation of the
numerical results. The numerical results agree fairly well
with the experimental data for most of the plots. The nu-
merical velocity in the x direction in the line station (2)
(see Figure (13) shows a significant deviation from the
experimental data at the center positions. One possible

explanation is the lack of resolution of the experimental
instruments. This was also seen in our earlier computa-
tions [13, 14]. Experimental errors were not provided for
the LDV data.

u-velocity vs. x
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Figure 10: LPD17: u average velocity (1).

v-velocity vs. x
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Figure 11: LPD17: v average velocity (1).

w-velocity vs. x
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Figure 12: LPD17: w average velocity (1).
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u-velocity vs. y
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Figure 13: LPD17: u average velocity (2).

v-velocity vs. y
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Figure 14: LPD17: v average velocity (2).

w-velocity vs. y

S wiknots]

7w, Jknots]
8F _ w0 [knots]
4 W lknots]
o
4k
2
g of ~
3 T +
H
s
_ab
6L
v N
sl N
- 1 1 1 1 | 1 1 ; ; ;
S0  -80  -60  -40 20 0 20 40 60 80
yift]

Figure 15: LPD17: w average velocity (2).
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Figure 16: LPD17: u average velocity (3).
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w-velocity vs. y

17: LPD17: v average velocity (3).
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Figure 18: LPD17: w average velocity (3).

LPD17 Topside Temperature Study

The temperature study shows the importance of a proper
grid resolution for a numerical simulation.
meshes used are shown in Figures (19a) and (19b). Fig-
ure (19a) shows a cut plane of the coarse volume mesh.

The two
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The cut plane is in the centerplane where the group of 2
M/P stacks and 2 D/G stacks are. Figure (19b) shows
the finer mesh in the same position. Figures (20a) and
(20b) show the temperature iso-surface of level 50 °C.
The coarse mesh shows more diffusion and less transport
than the finer mesh. The numerical diffusion of a numer-
ical scheme is proportional to the element (edge) size of
the mesh. Figures (21a) and (21b) compare again the
coarser and finer mesh results for the temperature at a
same time step. Figure (21a) shows less transport of the
temperature than the lower figure. Figure (21b) shows
the buoyancy effects. A close view of the temperature
surface is shown in Figure (22). The temperature on the
aft mast is never greater than 50 °C' during the integra-
tion time. Temperature stations were placed near the
mast and in the landing area. Table (1) shows the tem-
perature values for the positions display in Figure (23).
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Figure 19a: Cut plane of volume coarser mesh on the back
stacks.

Figure 19b: Cut plane of volume finer mesh on the back

stacks.
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Figure 20a: Temperature iso-surface of level 50 °C. Run
with the coarser grid.



ATAA 2003-0969 F. Camelli, O. Soto, R. Lohner, W. Sandberg and R. Ramamurti

.\.-1

Temperature
4.73e+02

Ale+02
2.46e+02
1.33e+02

-Z.Ilﬂe+lll

Figure 20b: Temperature iso-surface of level 50 °C. Run  Figure 21b: Temperature distribution in a cut plane for the
with the finer grid.

finer grid.
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Figure 21a: Temperature distribution in a cut plane for the

Figure 22: A close view of the surface temperature
coarser grid.

distribution.
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Figure 23: Position of temperature stations.

Station | Temperature [°C]
1 30.55
2 32.12
3 79.44
4 38.98
5 33.48
6 63.88
7 43.25
8 39.00
9 87.00
10 37.71
11 40.68
12 34.16
13 55.11
14 47.23

Table 1: Temperature Stations.

Discussion and Outlook

The computed velocities were compared with wind tun-
nel data and showed good agreement. The complicated
pattern of the flow was analyzed using several visualiza-
tion techniques. These techniques provide a better un-
derstanding of the flow behavior. The computation time
for this type of simulation is reasonable given the large
amount of information obtained. The importance of grid
resolution was demostrated with the temperature study.
The temperature study indicates that there is no temper-
ature above 50 °C in the region close to the aft mast of

the ship as it is shown in Figure (22). As continuation
of the present work, we will study different angles of at-
tack and different stack outlet conditions for the LPD17
and we are currently adding the study of concentration of
gases emitted by the stacks for a different ship geometry
(T-AKE 1).
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