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ABSTRACT

To better understand the influence of swirl on the strati-
fied near-wake of a self-propelled axisymmetric vehicle,
three propulsor schemes are considered: a single-propeller,
contra-rotating propellers (CRP), and a zero-swirl jet. The
propellers are modeled using an actuator-line model in
an unsteady Reynolds-Averaged Navier-Stokes simulation.
Visualization of vortical structures shows the helical paths
of blade-tip vortices from the single propeller as well as the
complicated vortical interaction between contra-rotating
blades. Comparison of instantaneous and time-averaged
fields shows that temporally stationary fields emerge by
half of a body-length downstream. Circumferentially-
averaged axial velocity profiles show similarities between
the single-propeller and CRP in contrast to the jet configu-
ration. Swirl-velocity of the CRP, however, was attenuated
in comparison to that of the single-propeller case. Mixed-
patch contour maps illustrate the unique temperature distri-
bution of each configuration as a consequence of its swirl
profiles. Finally, kinetic and potential energy is integrated
along downstream axial planes to reveal key differences
between the configurations. The CRP creates less potential
energy by reducing swirl that would otherwise persist in
the near-wake, as exhibited is the single-propeller wake.
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1 INTRODUCTION

Experiments have shown that propeller-driven wakes
evolve from a complex near-wake with discernible
propeller-blade features, to a far-wake, in which these fea-
tures have mixed together to form a nearly-axisymmetric
field (Hyun, 1990, Hyun & Patel, 1991). Sirviente & Patel
(2000a) show that the near-wake region transitions to the
far-wake in roughly twelve initial wake diameters. This
transition is defined by Reynolds and Swirl numbers in
addition to the propeller- and body-geometry (Felli et al.,
2011). The swirling propeller induces helical vortices that
are shed from the roots and tips of the individual blades. In
the near-wake, these vortices break down, which is a topic

of extensive study (Lucca-Negro & O’Doherty, 2001). Al-
though experiments show the contribution of swirl on vari-
ous wakes, its role in the evolution from near- to far-wake
is still largely unknown (Sirviente & Patel, 2000b). Strat-
ification further plays a role in the long-term evolution of
the far-wake (Meunier & Spedding, 2006). Originally stud-
ied as a disc-with-center-jet (DWCJ)(Naudascher, 1965)
and later with self-propelled axisymmetric bodies,(Lin &
Pao, 1974, Schetz & Jakubowski, 1975) the net-zero-
momentum wake functions as a theoretical model of a self-
propelled marine vehicle. Beyond experiment, the study
of self-propelled wakes includes several numerical meth-
ods. Ordered by increasing fidelity and computational ex-
pense these methods include: panel/lattice methods, actua-
tor models, and fully resolved rotating geometry (Sanderse
et al., 2011). Generalized actuator models include the Ac-
tuator Disk (AD), Actuator Line (AL), and Actuator Sur-
face (AS) models. Each of these models imposes a body
force over a volume in a Computational Fluid Dynamics
(CFD) simulation to simulate the effects of propeller on
the surrounding flow. Although a fully resolved propeller
may offer a more accurate simulation, its computational re-
quirements are often large, so an actuator model provides
an alternative (Jones & Paterson, 2016).

In a self-propelled near-wake, the interaction between
propeller-driven swirl and stratification results in a
thermally-mixed patch. By using contra-rotating propellers
of equivalent thrust, the initial swirl profile is modified
thereby changing the shape of the mixed patch and reduc-
ing its integrated potential energy. Contra-rotating pro-
peller blades add additional complexity to the interaction
between root- and tip-vortices and their eventual collapse.
These influences on the near-wake may be compared to the
nominal case of a uniform, zero-swirl jet-propelled config-
uration, which results in the smallest change in the potential
energy of the mixed patch.

In the present study, the unsteady Reynolds-Averaged
Navier-Stokes (URANS) equations are solved to examine
the near-wake evolution of a stratified, turbulent, net-zero-
momentum propeller wake of the axisymmetric Iowa Body
using three different propulsion schemes: single propeller,
dual-contra-rotating propellers (CRP), and zero-swirl jet.
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The propellers are simulated using the AL model. The Iowa
Body hull geometry is used to compare to the non-stratified
experiment of Hyun & Patel (1991), which is the only
known experiment to have phase-averaged propeller data
for this case. Circumferentially- and time-averaged pro-
files of flow parameters are examined in the near-wake and
intermediate region to investigate the influence of a propul-
sion type on the wake evolution. Comparison is made to the
theoretical disc-with-center-jet that is often used in many
simulations (Brucker & Sarkar, 2010, Chernykh & Voro-
payeva, 1999, Hassid, 1980). Results show that compared
to the single-propeller configuration, the CRP configura-
tion is more effective at reducing potential and kinetic en-
ergy in the wake, and potential energy reductions are simi-
lar to that of the zero-swirl jet.

2 APPROACH

2.1 Governing Equations

This problem is defined by the Reynolds–averaged Navier–
Stokes (RANS) equations in Boussinesq form with an ad-
ditional body force term fi to account for the propeller
model.

∂U

∂t
+U · ∇U− ν∇2U = −∇p̂+∇ · u′

iu
′
j − g

∆ρ

ρ0
+ fi

∇ ·U = 0
(1)

The equations are written in terms of the non-inertial veloc-
ity U. In the equations, ν is the dynamic viscosity, g is the
acceleration due to gravity, ρ is density, and ρ0 is the ref-
erence density. This formulation includes the piezometric
pressure, p̂ = pd/ρ0 where pd = p− ρ0g · x.

Temperature T and salinity S in the ocean environment are
determined through the following transport equations.
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The Reynolds stresses u′
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′ are determined using a linear eddy-viscosity closure
model.
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Turbulence may be modeled using a RANS or hybrid RAN-
S/LES approach. In this case the k − ω SST turbulence
model is chosen to compute the eddy viscosity νt due to its
ease of implementation and relative strength in computing
the attached flow over a body. (Menter, 1994) Production

terms in the k − ω equations are modified to include buoy-
ancy effects, but in the near-wake they are small in com-
parison to the production due to shear.

Density is computed by solving the UNESCO seawater
equation-of-state (Fofonoff & Millard, 1983). For the given
problem, it is appropriate to approximate the secant bulk
modulus as constant at sea-level conditions, even though it
is a function of salinity, temperature, and pressure. Thus,
the secant bulk modulus is K(S, T, p) = K(0, 20, patm)
where patm is atmospheric pressure. Additionally, substi-
tuting the hydrostatic pressure for the total pressure, the
equation-of-state becomes,

ρ(S, T, p) =
ρ(S, T, 0)

1− p/K(S, T, p)
(8)
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2.2 Kinetic and Potential Energy

The evolution and transfer of energy in the wake is exam-
ined in the form of kinetic and potential energy defined as,

ke =
1

2
ρU2, pe = −1

2

g

∂ρ0/∂z
(ρ− ρ0)

2 (10)

KE =

∫∫
S

ke dS, PE =

∫∫
S

pe dS, (11)

The per-unit-volume energy ke, and pe may be integrated
over an axial slice of area S in the wake to find per-unit-
length energy KE and PE as functions of downstream dis-
tance. The potential energy per-unit-volume pe follows the
formulation of Holliday & McIntyre (1981).

2.3 Actuator-Line Model

The AL model projects a distributed line of force fi in the
place of each propeller blade,

fi(r) =
Fi

ε3π3/2
exp

[
−
(r
ε

)2
]

(12)

where Fi = Li + Di is the actuator element force com-
posed of lift Li and drag Di. The distance between CFD
cell center and actuator point is r, and ε controls the Gaus-
sian width. Troldborg (2008) recommends ε ≡ 2∆x where
∆x is the grid spacing at the actuator position, but further
considerations can be made (Martınez et al., 2012). For
this study ε ≡ 4∆x to avoid numerical instability. Lift
and drag are computed from a lookup-table of lift and drag
coefficients Cℓ and Cd as functions of local flow angle of
attack α,

L =
1

2
Cℓ(α)ρU

2
relc w, D =

1

2
Cd(α)ρU

2
relc w (13)

where ρ is the density, Urel is the local flow speed, c is
the chord and w is the width of the actuator section. The



relationship between Cℓ and Cd with α must be predeter-
mined from experiment, simulation, or theory for each air-
foil section. Figure 1 shows the magnitude of the projected
per-unit-mass body-force f̂i on the AL propeller plane of
the single-propeller case, non-dimensionalized by Rp rps

2,
where Rp is the propeller radius and rps is the propeller ro-
tations per second.

Figure 1: Non-dimensional body force on mesh slice at pro-
peller plane |f̂i|/(Rp rps2) for the single-propeller case.

2.4 Iowa Body

The Iowa Body, described in the experiment of Hyun & Pa-
tel (1991), is shown in Figure 2 as the single-propeller case.
This axisymmetric geometry is representative of a typical
marine vehicle without appendages. Features of this geom-
etry are listed in Table 1 where L is the body length, D is
the body diameter, Dp is the propeller diameter, and Dh is
the hub diameter.
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Figure 2: Iowa Body (top) for single-propeller configuration,
and extended hull of CRP and truncated hull of jet configura-
tion (bottom).

Table 1: Iowa Body geometry.

Feature Value
L/D 10.90
D/Dp 1.369
Dp/Dh 6.266

Hub location 0.9688 < x/L < 0.9832
Propeller location x/L = 0.9755
Number of blades 3
Propeller airfoil NACA 66-Modified Airfoil

Modified hulls for the CRP and jet cases are also shown in
Figure 2. For the CRP, the hub is extended by the length
of the rotating portion so that a second propeller may be
placed directly behind the first. For the jet, the hub is cut at
the propeller plane to provide for the jet exhaust.

2.5 Iowa Body Propeller

The Iowa Body propeller is defined by 36 discrete sections
to account for variations in radial propeller-blade geometry.
Sectional lift Cℓ is computed using the analytic expression
of Brockett (1966) for the NACA 66-Modified Airfoil,

Cℓ = 2π(1− 0.83τ)(α+ 2.05f) (14)

where α is the local flow angle of attack, τ is the maxi-
mum thickness ratio, and f is the maximum camber ratio.
Sectional drag Cd is imposed by combining viscous and
induced drag at each airfoil section,

Cd = Cd0 +
C2

ℓ

πeAR
(15)

where Cd0 is the viscous drag, e is the efficiency factor, and
AR is the aspect ratio.

For the given operating conditions the local flow angle
of attack typically remains below 2.6◦, so these analytic
expressions do require conditions for stall. Pitch, chord,
thickness, and camber distributions for the Iowa Body pro-
peller blade are tabulated in Hyun (1990). The Iowa Body
propeller has zero rake and zero skew.

2.6 Mesh

The computational meshes were generated using the soft-
ware cfMesh from http://www.cfmesh.com. Cells are fo-
cused near the body, the propeller region, and in the wake.
Mesh design and quality features are listed in Table 2.

Table 2: Mesh design and quality features.

Mesh design feature Value
Boundary layer cells > 20

Near-wall mesh spacing y+ < 100
Cells/Dp (propeller plane/wake region) 100/50

Wake region extends to x/L = 1.6
Total number of cells ≈ 2× 107

Mesh quality feature Value
Maximum aspect ratio AR < 170

Maximum non-orthogonality < 45
Maximum skewness < 0.8



2.7 Flow Field Analysis

This study examines primary flow variables including:
change-in-temperature ∆T and the axial, radial, and az-
imuthal velocities Ux, Ur, and Uθ. Additionally, the fol-
lowing secondary flow variables are examined: Q-criterion
visualization; and the integrated energies KE and PE. Data
is extracted in axial planes between 0.9755 ≤ x/L ≤ 1.5
where x is the downstream distance from the start of the
body and L is the body length.

2.8 Flow Coefficients and Case Studies

Several of the important flow coefficients for this propeller-
driven flow are Reynolds number ReL, advance ratio J ,
thrust coefficient CT , and torque coefficient CQ.

ReL =
U0L

ν
, J =

U0

nDp
, CT =

T
ρ0n2D4

P

,

CT ∗ =
T

1
2ρ0U

2
0πR

2
0

, CQ =
Q

ρ0n2D5
P

(16)

For these expressions, ν is kinematic viscosity, Dp is the di-
ameter of the propeller, R0 is the radius of the Iowa Body,
n is the propeller speed in revolutions per second, T is the
thrust, and Q is the torque. T /D is the thrust-to-drag ratio.
The Reynolds number for this study is ReL = 3.1 × 108,
and the other coefficients are listed in Table 3. The fore-
and aft-propellers are listed individually for the CRP case,
and thrust is equivalent for all cases.

Table 3: Flow coefficients.

Configuration J CT C∗
T CQ T /D

Single 0.86 0.047 0.084 0.011 0.99
CRP (fore) 0.90 0.024 0.041 0.0071 0.50
CRP (aft) 0.86 0.023 0.041 0.0072 0.50

Jet - - 0.082 0 1.07

The Froude number Fr provides a measure of the density
stratification, where Fr = ∞ means zero stratification and
a small Fr means high levels of stratification. The present
study considers a linearly varying temperature stratification
with a Froude number of Fr = 350, where,

Fr =
1

N

U0

D
, and N =

1

2π

√
−g

ρ0

∂ρ

∂z
. (17)

In these expressions N is the Brunt Väisälä frequency, g is
acceleration due to gravity, and z is the vertical coordinate.
The influence of buoyancy on the near-wake fluid dynamics
is often small and can be explained by the Richardson num-
ber Ri, which is the ratio of buoyancy to flow gradient terms
(Lin & Pao, 1979). T0 is a reference temperature, T is
the mean temperature, and U is the mean velocity. For the
single-propeller case, Ri = g/T0 (dT/dz)/(dU/dz)2 ≈
2.54 × 10−3 which means the near-wake inertial forces of
the propeller dominate the buoyancy forces. As the local
velocity Ux decays, Ri increases and buoyancy forces be-
come important further downstream in the far-wake.

3 RESULTS

3.1 Wake Breakdown

Individual vortices are visualized with the second invari-
ant of the velocity gradient tensor Q. Figure 3 shows con-
tour surfaces of the non-dimensionalized (L/U0)

2Q = 1.7
with a vertical slice of the mesh colored by axial velocity
Ux/U0 that extends to half of a body-length downstream
x/L = 1.5. For the single-propeller case, hub- and tip-
vortices from the propeller break down by x/L ≈ 1.25,
while for the CRP case, vortical structures persist until
x/L ≈ 1.5. As expected, negligible vortical structures
are found in the case of the zero-swirl jet. This figure il-
lustrates the complexity introduced by contra-rotating pro-
pellers that delays the formation of a fully-mixed axisym-
metric wake profile.

(a) Single propeller.

(b) Contra-rotating propellers.

(c) Jet.

Figure 3: Flow visualization from 1.0 ≤ x/L ≤ 1.5 using Q-
criterion visualization non-dimensionalized as (L/U0)

2Q =
1.7 colored by Ux/U0.

To better understand the transition from near- to far-wake in
the propeller-driven cases, axial planes behind in the wake



are examined. Figure 4 compares the instantaneous and
time-averaged axial velocity defect field Ux/U0 − 1. Near
the propellers, flow is periodic with the propeller rotation.
By half of a body-length downstream, however the flow
is stationary in time and space in the body-fixed frame of
reference. At x/L = 1.01, the instantaneous flow distin-
guishes individual propeller-blade wakes and varies from
that of the time-averaged case. Further downstream at
x/L = 1.2 a smaller variation is seen, and by x/L = 1.45
the two contour maps are nearly identical showing that the
wake is steady and revealing a unique hexagonal shape im-
parted by the CRP. For the single-propeller case, which
is not shown, flow is also axisymmetric and steady by
x/L = 1.45.

(a) x/L = 1.01 (b) x/L = 1.01

(c) x/L = 1.2 (d) x/L = 1.2

(e) x/L = 1.45 (f) x/L = 1.45

Figure 4: Instantaneous- (ace) and time-averaged- (bdf)
velocity-defect field for CRP with −0.06 ≤ Ux/U0−1 ≤ 0.06.

3.2 Velocity Profiles

The evolution of the near-wake may also be described
by circumferentially-averaged velocity profiles. Figure 5
shows the circumferentially-averaged axial velocity pro-
files Ux/U0 for the three self-propelled configurations at
the downstream positions x/L = 1.01, x/L = 1.3, and
x/L = 1.5. Just behind the propulsor at x/L = 1.01, the
jet is shown to have uniform positive velocity leaving the
exhaust port, while negative velocity due to drag appears
for r/Rp > 0.2. By x/L = 1.3 and further at x/L = 1.5,
the jet profile appears as a classical net-zero-momentum
wake and may be described using the analytical formula-

tion of the DWCJ.

The propeller-driven cases, also net-zero-momentum, show
their own unique profiles. Positive momentum from the
propellers exists in a lobe at r/Rp ≈ 0.6, while negative
momentum due to drag from the body exists near the cen-
ter and further outward. These two profiles, when circum-
ferentially averaged, are shown to be nearly-equivalent and
decay at similar rates. They also, may be defined analyti-
cally using a process described in Jones & Paterson (2016).
For all configurations, the positive momentum decays more
quickly than the negative momentum, which is a feature of
idealized wakes described by Tennekes & Lumley (1972).
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Figure 5: Circumferentially-averaged axial velocity profiles
for each configuration at various distances downstream.

Circumferentially averaged profiles of the swirl component
of velocity Uθ are shown in Figure 6. The jet exhibits zero-
swirl. At x/L = 1.01, the single propeller shows the swirl
profile due to the propeller and rotating hub. By x/L = 1.3
and x/L = 1.5, most of the momentum-due-to-swirl exists
in a lobe at r/Rp ≈ 0.4. In the case of the CRP, the swirl
is nearly halved in magnitude. Regions of positive and
negative swirl develop due to interference between the op-
posing, contra-rotating blades. Throughout the near-wake,
the CRP swirl magnitude is attenuated, remaining less than
half of that of the single-propeller.
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Figure 6: Circumferentially-averaged swirl velocity profiles
for each configuration at various distances downstream.



3.3 Mixed-Patch Profiles

3.3.1 Temperature Profiles

By half of a body-length downstream at x/L = 1.5, the
wake is mixed. Given that the background temperature
field was initially linearly stratified, mixing from the wake
develops a change-in-temperature field ∆T . This field
is non-dimensionalized by the change-in-temperature over
the depth of one propeller-blade length ∆TRp . Figure 7
shows ∆T/∆TRp for the single-propeller case.

Contours show that a unique profile shape is formed that
is steady in time. Colder fluid is driven to the top, while
warmer fluid is driven to the bottom of the wake. A nomi-
nal mixed-patch profile with uniform-T in the diameter of
the wake would look similar, but would not show the “tails”
coming off of the hot and cold regions. The direction of the
tails is a result of the counter-clockwise swirling motion of
the fluid due to the propeller.

(a) −0.8 ≤ ∆T/∆TRp ≤ 0.8.
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clockwise from vertical.

Figure 7: Single propeller ∆T/∆TRp at x/L = 1.5.

The mixed-patch ∆T/∆TRp profile of the CRP case is
shown in Figure 8. Compared to the single-propeller case,
the magnitude of ∆T/∆TRp is less than half. The profile
is split between an inner region where clockwise-swirling
fluid dominates and an exterior region where counter-
clockwise-swirling fluid dominates as shown previously in
Figure 6.

(a) −0.3 ≤ ∆T/∆TRp ≤ 0.3.
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Figure 8: CRP ∆T/∆TRp at x/L = 1.5.

Finally, the mixed-patch ∆T/∆TRp profile of the jet is
shown in Figure 9. For this configuration, the magni-
tude of ∆T/∆TRp is the smallest due to the absence of
swirl. It is symmetric in both the vertical and horizon-
tal directions. Regions of warmer and colder fluid are
focused near the positive-momentum center of the wake,
while the negative-momentum periphery shows the reverse
in warm and cold regions. Interestingly, the center region

shows warmer fluid above the colder fluid, opposite to the
single-propeller profile. This distribution occurs because
the positive-momentum center of the wake draws in fluid
from the slower-velocity exterior regions, which entrains
warmer fluid from above and colder fluid from below.

(a) −0.1 ≤ ∆T/∆TRp ≤ 0.1.
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Figure 9: Jet configuration ∆T/∆TRp at x/L = 1.5.

3.3.2 Velocity Profiles

Contour maps of the axial velocity defect Ux/U0 − 1 at
x/L = 1.5 are shown for the single-propeller and CRP
cases in Figure 10. For the single-propeller, axial velocity
is axisymmetric and may be fit to an analytical curve as a
function of radial distance (Jones & Paterson, 2016). The
CRP, however, is not axisymmetric. A steady, hexagonal
profile is formed similar in shape to what has been observed
in the north polar weather system of Saturn, (Smith et al.,
1982, 1981) and later in an experiment using differentially-
rotating disks to drive a barotropic jet (Aguiar et al., 2010).
Unless circumferentially averaged, this profile may not be
described analytically by radius alone.

(a) Single-propeller. (b) CRP.

Figure 10: Stationary velocity defect profiles at x/L = 1.5 for
−0.09 ≤ Ux/U0 − 1 ≤ 0.03.

(a) Single-propeller with range,
0.0 ≤ Uθ/U0 ≤ 0.09.

(b) CRP with swirl velocity
range, −0.02 ≤ Uθ/U0 ≤ 0.01.

Figure 11: Stationary swirl velocity profiles at x/L = 1.5.
Note the difference in velocity scale between figures.



The swirl component of velocity Uθ/U0 is shown in Fig-
ure 11. Again, the single-propeller velocity is axisymmet-
ric, while the CRP velocity has discernible geometry. It
is important to note the difference in magnitude between
the two configurations. Swirl velocity from the CRP is less
than that of the single-propeller, and it varies in direction
between both clockwise and counter-clockwise.

3.4 Potential and Kinetic Energy Evolution

Kinetic and potential energy is integrated along axial
planes downstream for the three configurations as shown
in Figure 12. Kinetic energy KE is computed individually
for the three components of velocity: radial, swirl, and ax-
ial as KEr, KEθ, KEx, as well as the velocity magnitude as
total KE. Downstream distance is described both by x/L
measured from the bow and by x′/Dp measured from the
stern.
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Figure 12: Integrated energy evolution downstream of the ve-
hicle for each configuration, with x measured from the nose
of the hull and x′ measured from the tail.

For all three cases, KEr decays more rapidly than KEx

and KEθ. The swirl component notably decays the slow-
est demonstrating its persistence in the near-wake. For the
single-propeller case, this persistence leads to a rise in PE
due to expansion of the wake and entrainment of the sur-
rounding passive scale T . For the CRP, the PE does not

grow due to the opposing azimuthal directions of swirling
velocity. Instead the PE decays similar to the zero-swirl
jet.

Comparing the swirl component for three cases, KEθ of
the CRP is an order of magnitude lower than that of the
single-propeller. The jet KEθ is several orders of magni-
tude lower then that. Consequently, the potential energy,
seen at the bottom of the chart, is much lower for the CRP
than for the single-propeller. This difference in magnitude
shows that contra-rotating blades can effectively lower the
kinetic energy due to swirl.

Additionally, comparison of the total KE shows that the
CRP is the most-effective configuration for total reduction
in energy by x/L = 1.5. The single-propeller is less ef-
fective than the jet due to persisting KEθ from its unidirec-
tional swirling velocity.

4 CONCLUSIONS

The influence of swirl on the evolution of self-propelled
stratified near-wakes is largely unknown. In this study,
the near-wake of three propulsor configurations were com-
pared for the appendage-less Iowa Body: single propeller,
contra-rotating propellers, and zero-swirl jet. Unsteady, ro-
tating propeller blades were simulated using an AL model
in a URANS computation. Visualization of the results
showed the helical path of the single-propeller blade-tip
vortices as well as the more-complicated vortical struc-
ture of the CRP near-wake. Comparison between instan-
taneous and time-averaged fields indicated that by half
of a body length downstream the propeller-driven wakes
were mixed and steady. Circumferentially averaged ve-
locity profiles showed the similarities in axial velocity be-
tween the single-propeller and CRP. The swirl-velocity
magnitude of the CRP was less than half of that of the
single-propeller and the swirl profile included regions of
both positive and negative swirl. Furthermore, by half of
a body-length downstream, mixed-patch contour maps of
change-in-temperature demonstrated that the magnitude of
∆T/∆TRp for the CRP was less than half of that of the
single-propeller. The jet ∆T/∆TRp magnitude was the
smallest, due to the absence of meaningful swirl. Contour
maps of velocity revealed that the single-propeller has a
axisymmetric profile, whereas the CRP exhibits a unique
hexagonal structure. Finally integrated energy in down-
stream axial planes revealed the evolution of kinetic and
potential energy in the near-wake. The CRP held an or-
der of magnitude less swirling kinetic energy and potential
energy similar in decay and magnitude to that of the swirl-
free jet. Additionally, the CRP had the highest decay rate
of total kinetic energy.
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