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a b s t r a c t

In this study, direct numerical and large eddy simulations of transitional flows around studs were
conducted to investigate the effectiveness of turbulence stimulators at very low speeds for the minimum
propulsion power condition of four knots. For simplicity, the studs were assumed to be installed on a flat
plate, while the wake was observed up to 0.23 m downstream behind the second stud. For applicability
to a model ship, we also studied the flow characteristics behind the first and second studs installed on a
curved plate, which was designed to describe the geometry of a bulbous bow. A laminar-to-turbulent
transition was observed in the wake at ReD � 921 (U∞�0.290 m/s), and the wall shear stress at
ReD ¼ 1162 (U∞ ¼ 0.366 m/s) in the second wake was similar to that of the fully developed turbulent
boundary layer after a laminar-to-turbulent transition in the first wake. At ReD ¼ 581 (U∞ ¼ 0.183 m/s),
no turbulence was stimulated in the wake behind the first and second studs on the flat plate, while a
cluster of vortical structures was observed in the first wake over the curved plate. However, a cluster of
vortical structures was revealed to be generated by the reattachment process of the separated shear
layer, which was disturbed by the first stud rather than directly initiated by the first stud. It was quite
different from a typical process of transition, which was observed at relatively high ReD that the spanwise
scope of the turbulent vortical structures expanded gradually as it went downstream.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

To explicitly estimate the resistance and self-propulsion per-
formance of full-scale ships using the experimental and/or nu-
merical results of model-scale ships, the velocity of a model ship is
determined to ensure the equivalence of the Froude number (Fr)
between full- and model-scale ships. The equivalence of the Froude
number causes an essential inequivalence of the Reynolds number
(Re), resulting in the hydrodynamic dissimilitude of flows around
full- andmodel-scale ships. Representative dissimilitude is the flow
state in the entrance region of vessels, generally corresponding to a
bulbous bow. The flow around the bulbous bow of full-scale ships is
undeniably turbulent with an extremely high Reynolds number,
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whereas the flow within the boundary layer of model-scale ships
may be laminar or transitional in the entrance region of these
vessels. To make the laminar boundary layer of model-scale ships
more representative of the fully turbulent boundary layer, turbu-
lence stimulation is applied by placing artificial objects such as
sand grains, small pins, Hama strips, and trip wires on the forward
part of the hull form. The hydrodynamic instability produced by
turbulent stimulators causes the laminar boundary layer of model-
scale ships to be turbulence, closely aligning the viscous friction of
model-scale ships with that of full-scale ships (Hughes and Allan
1951).

Wires of 0.5e1.0 mm diameter are installed 5% LPP aft of the
Forward Perpendicular (FP), and a sand strip of 5e10 mm width,
covered with sharp-edged sand with an approximate grain size of
0.5 mm, is situated 5% LPP aft of the FP to stimulate turbulence
(ITTC-2002), where LPP represents the length between perpendic-
ulars of the ship. Studs can also be used as a turbulence stimulator,
as specified in the guidelines of NPL Report 10/59 (1960) and ITTC-
2002. According to the guidelines, the diameter and projection
height of the stud should be 1/8 inches and 1/10 inches,
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respectively. Many experimental studies have followed these
guidelines tomanufacture model-scale ships with studs to evaluate
resistance and self-propulsion performances. Based on tripping the
laminar flows into the turbulent boundary layers by installing studs
on the bulbous bow of model-scale ships, the numerical solutions
of the Reynolds-averaged NaviereStokes equations have been ob-
tained with an assumption that the flows are fully turbulent from
the fore end of the bulbous bow. The presumption regarding the
flow state makes the numerical simulations simple and efficient by
neglecting the geometrical description of the studs, i.e., the wall
shear stress is computed using an appropriate production model of
the turbulent kinetic energy rather than by resolving the process of
a laminar flow becoming turbulent (Choi et al., 2010; Park et al.,
2013; Lee and Lee 2014).

Since extensive experience of using turbulence stimulators has
been accrued over a long time in the experimental measurements
of ship resistance, the role of turbulence stimulators has been
reasonably conceded. Recently, however, towing tank tests for the
resistance of model-scale ships have had to be conducted at very
low Fr to check whether the ship performance could fulfil the In-
ternational Maritime Organization (IMO) requirements of mini-
mum propulsion power (MEPC.1/Circ.850/Rev.1, 2015). Prior to the
IMO requirements, these tests were conducted at low Fr to estimate
the form factor of a hull form; however, the IMO requirements have
compelled the performance of these tests at unprecedentedly low
Fr. A major concern in conducting towing tank tests at very low Fr is
the validity of the assumption that the flow region in the forward
part of a model-scale ship is still fully turbulent, i.e., the effective-
ness of the turbulence stimulators at very low Fr. Unless the flow is
fully turbulent in the forward part of model-scale ships, an explicit
estimation based on the ITTC-1957 frictional correlation line can
cause a significant error in the full-scale ship resistance. Moreover,
the turbulence modeling by neglecting transitional flows in the
forward part of the model-scale ship leads to a discrepancy in the
ship resistances obtained through numerical prediction and
experimental measurement in the model-scale ships.

To study the laminar-turbulent transitionmechanisms, Fransson
et al. (2004, 2005) conducted experiments using a hot-wire probe
and observed a delay in the transition of laminar flows to turbu-
lence behind a spanwise array of roughness elements of a cylin-
drical cross section. The delay was controlled by streamwise streaks
with a moderate amplitude, which was affected by the main pa-
rameters of the roughness elements. Subbareddy et al. (2014)
showed that the flow due to a roughness element was not per-
turbed by inflow disturbances or any other type of forcing using
direct numerical simulation (DNS). There are several sources of
downstream unsteadiness. A shock system formed ahead of the
roughness element, and the stagnation point behind on the
roughness element surface played a prominent role in the un-
steadiness results. Iyer and Mahesh (2013) and Shrestha and
Candler (2019) performed DNS to investigate the instability
mechanisms in an isolated roughness element and array. They
found that the source of instability was a coupled effect of the shear
layers from the corners of the trip and the counter rotating
streamwise vortices from the wake of the trip. Tirtey et al. (2011)
performed experiments for studying the flow field structure near
an isolated roughness element. The roughness element gave rise to
both a disturbance and vortices. Some disturbance was amplified
by the induced vortical structures, leading to laminar-turbulent
transition. De Tullio et al. (2013) investigated the laminar-
turbulent transition by performing Direct Numerical Simulation
(DNS) of flows around a sharp-edged roughness element. They
found that the pairs of streamwise vortices led to an extreme
change in the stability features, and the varicose instability had a
dominant effect on the transition process. Doolittle et al. (2014)
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presented that a cylindrical surface roughness element gave rise
to the velocity and vorticity disturbances into the laminar boundary
layer using DNS. The vorticity from the top shear layer created high
and low speed streaks in the roughness wake, resulting in the
transition to turbulence. Loiseau et al. (2014) studied the flow
characteristics around an isolated roughness element with various
aspect ratios by performing DNS. A central low-speed region was
demonstrated to play an important role in the transition process,
and the development of hairpin vortices in the wake of the
roughness element made the transition very rapid owing to the
increased aspect ratio. Van den Eynde and Sandham (2016) per-
formed DNS over an isolated roughness element with various cross
sectional shapes. A diamond shaped element was themost effective
at inducing transition. In addition, it was confirmed that the gen-
eration of streamwise streaks amplified instability in the roughness
wake. Although some previous studies have investigated the
laminar-turbulent transition or turbulence stimulation in ship hy-
drodynamics (Hughes and Allan 1951; Dewanda 1999; Murphy
2010), the effectiveness of the turbulence stimulators at very low
Fr is not yet well understood. The main objectives of the present
study are to investigate the flow characteristics of the laminar-
turbulent transition in the wake behind the studs and check the
effectiveness of the turbulence stimulators at very low Fr. To ach-
ieve these goals, Direct Numerical Simulations (DNS), as well as
Large Eddy Simulations (LES), have been performed using an open
source library, OpenFOAM, to describe the flows around the studs.

The paper is organized as follows. The computational modeling
and numerical methods are presented. The computational results
are then presented and discussed. Finally, conclusions are provided.
2. Computational modeling and numerical methods

The flow variables used in LES are decomposed into large and
subgrid-scale (SGS) components using a filter operation as follows:

f ðxÞ¼
ð
D

f ðx0ÞGðx; x0Þdx0

where GðxÞ and D represent the filter function and computational
domain, respectively. By applying the filter operation to the gov-
erning equations of mass and momentum conservation of incom-
pressible flows, the following is obtained:
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where Sij ¼ ðvuj =vxi þvui =vxjÞ=2 is the strain-rate tensor and
tij ¼ uiuj � uiuj is the impact model of unresolved velocity com-
ponents on resolved ones. Because the trace of the resolved strain-
rate tensor is zero in incompressible flows, the eddy viscosity
model relates the traceless part of SGS stresses to the strain-rate of
the resolved velocity components as follows:

tij¼ � 2ntSij þ
1
3
dijtkk

In the present study, the Smagorinsky and Wall-Adapting Local
Eddy-viscosity (WALE) models are used to determine the eddy
viscosity. In the Smagorinsky model, the turbulent viscosity is
defined as



Fig. 1. (Color online) Schematic diagrams of (a) model-scale ship and computational
domain of flows over (b) the flat plate and (c) the curved plate on which studs are
installed, respectively.

S.B. Lee, W. Seok and S.H. Rhee International Journal of Naval Architecture and Ocean Engineering 13 (2021) 236e245
nt ¼ðCSDÞ2
����Sij

����

where D ¼ ðD1D2D3Þ1=3 is the filter width and CS is the Smagor-
insky constant. As CSz0:16e0:18 for isotropic turbulence is known
to be excessively dissipating with respect to the resolvedmotions in
the near-wall region (Moin and Kim 1982),CS ¼ 0:1 is used in this
study. The magnitude of the strain-rate tensor is defined as
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In the WALE model, the turbulent viscosity is defined as
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where D ¼ ðD1D2D3Þ1=3 is the filter width and Cw ¼ 0.325. Sdij is
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All terms of the governing equations are advanced in time with
the second order CrankeNicolson scheme, whereas the values of
variables are calculated at the face center of hexahedral cells using
linear interpolation to keep the second-order accuracy of spatial
discretization. Because the CrankeNicolson scheme in native
OpenFOAM source libraries is not perfectly second-order accurate
in time owing to the first-order linearization of nonlinear convec-
tive term, the explicit estimation of volume fluxes with second-
order temporal accuracy was utilized, as introduced by Lee
(2016). The Pressure Implicit Splitting of Operators (PISO) algo-
rithm is devised as a non-iterative technique to obtain a numerical
solution of the implicitly discretized equations in this study.

The schematic diagram of the hull form with studs as a turbu-
lence stimulator is shown in Fig. 1(a). The streamwise distance
between the first and second studs is about 0.2275 m. By following
the guidelines for the geometrical sizes of the stud in a model-scale
ship, the studs are assumed to be installed on a flat plate for
simplicity. Fig. 1(b) illustrates the computational domain of the
boundary layer over the flat plate with two studs, whose dimension
and transverse spacing comply with the guidelines of ITTC-2002.
The streamwise and spanwise lengths of the computational
domain are Lx ¼ 150D and Lz ¼ 8D, respectively. The vertical height
(Ly) is 15D, where D denotes the diameter of the stud (D ¼ 1/8
inches in the guidelines of ITTC-2002). To ascertain the validity of
grid resolution, preliminary simulations were performed in a small
domain, which is displayed at the right bottom of Fig. 1(b). The
computational domain size of preliminary simulations is (lx, ly, lz) ¼
(18D, 7.5D, 3D). Fig. 1(c) shows a computational domain when the
studs are installed on a curved plate. The curvature is designed to
describe the geometry of a bulbous bow. The domain size is (Lx, Ly,
Lz)¼ (690D, 210D, 8D). As seen, the numerical domain of the curved
plate case is much larger than that of the flat plate.

The Neumann boundary condition is used at both outlet and top
boundaries. The no-slip boundary condition is imposed at the solid
wall. A periodic boundary condition is used in the spanwise di-
rection for the main simulations, given that the spanwise length of
domain size is identical to the spanwise spacing of stud installation.
However, during the preliminary simulations, the Neumann
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boundary condition is used in the spanwise direction because the
spanwise length of the domain size is smaller than the spanwise
spacing of the studs. The Blasius laminar boundary layer velocity
profile is imposed at the inlet boundary of the flat plate, while a
uniform velocity is given when using the curved plate.

Table 1 describes the freestream velocity of the inflow laminar
boundary layer corresponding to the velocity of the model-scale
ship. As the minimum navigational speed is set at four knots dur-
ing the minimum propulsion assessment, the freestream velocity



Table 1
Inflow conditions of laminar boundary layer.

LPP (m) VS (knots) U∞ (m/s) d99 (mm) q (mm) Froude number ReD Req

230 24 2.196 0.954 0.127 0.260 6972 278
11 1.007 1.409 0.187 0.119 3197 188
4 0.366 2.338 0.310 0.043 1162 114
2 0.183 3.306 0.439 0.022 581 80

300 4 0.321 2.500 0.332 0.038 1019 106
366 4 0.290 2.625 0.339 0.034 921 101
400 4 0.278 2.684 0.356 0.033 883 99

Table 3
Grid resolution based on Req ¼ 650 for preliminary simulations.

Dxþ(max) Dyþ(wall) Dzþ No. of grids

CaseCX 57.4 0.253 7.60 851,620
Case0 40.6 1,205,600
CaseDX 28.7 1,705,210
CaseCY 40.6 0.358 7.60 843,920
Case0 0.253 1,205,600
CaseDY 0.179 1,687,840
CaseCZ 40.6 0.253 10.8 781,000
Case0 7.60 1,205,600
CaseDZ 5.37 1,825,000
CaseC 57.4 0.358 10.8 435,680
CaseD 28.7 0.179 5.37 3,387,720
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(U∞) is determined by assuming that LPP is 230 m in the full-scale
KRISO Container Ship (KCS) based on the Fr equality. The laminar
boundary layer thickness (d) andmomentum thickness (q) of inflow
are calculated as d ¼ 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nx=U∞

p
and q ¼ 0:664

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nx=U∞

p
, respectively.

Also, Reynolds numbers based on the stud diameter and the free-
stream velocity are listed in Table 1.

The main simulation of flows around studs on the flat plate uses
a structured hexahedral grid system consisting of
772� 111� 172 cells in the streamwise, wall-normal, and spanwise
directions, respectively. Because an OeH-type grid is generated
near the studs, the exact number of cells used in the main simu-
lation is 15,168,120. A total of 51 grid cells are distributed vertically
from the wall to the height of the stud, whereas 61 grid cells are
used above the stud. The grid resolution, shown in Table 2, is
dimensionless with the momentum thickness and friction velocity
(ut) of the turbulent boundary layers corresponding to Req ¼ 450,
650, and 1300, respectively. The radial height and circumferential
length of cells adjacent to the studs are denoted by Drþ and Drqþ,
respectively. Like the flat plate case, a structured hexahedral grid
system with 1148 � 130 � 172 cells is used when the studs are
installed on the curved plate.

Given the requirement of grid resolution at the highest Reynolds
number, the grid size used in the present simulation is sufficient to
perform wall-resolved LES. The computational time step is
Dt ¼ 0.25 � 10�4 s, 0.4 � 10�4 s, 1 � 10�4 s, and 2 � 10�4 s at
ReD ¼ 6972, 3197, 1162, and 581, respectively. The flow fields during
the transient time of Ttransient ¼ 0.5s, 1s, 2s, and 4s are discarded to
eliminate the influence of initial fields. After discarding the initial
transient flows, the flow fields are averaged at Tavg ¼ 5.5s, 9s, 18s,
and 2s to obtain the statistics of flow fields. Because the wake flow
behind the studs is confirmed to be laminar at ReD ¼ 581, the short
averaging time of 2s is enough. To investigate the influence of scale
ratio on turbulence stimulation using the studs, additional LESs are
performed at ReD ¼ 1019, 920, 883 corresponding to U∞ ¼ 0.321 m/
s, 0.290 m/s, and 0.278 m/s, respectively, with a constant time step
size of Dt ¼ 1 � 10�4 s. The transient and averaged durations of
these cases are the same as those at ReD ¼ 1162.

3. Results and discussion

Preliminary simulations are conducted to ascertain the reli-
ability of the present computational methods. The grid systems
used in the preliminary simulations are listed in Table 3, where the
wall unit of grid resolution is computed using the friction velocity
Table 2
Grid resolution for main simulations using the flat plate.

ReD momentum thickness unit wall unit

Dxq(min) Dxq(max) Dyq(wall) Dzq Dxþ(min)

6972 0.25 1.35 0.008 0.25 15.4
3197 0.23 1.24 0.008 0.23 7.6
1162 0.12 0.65 0.004 0.12 2.9
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of the turbulent boundary layer at Req ¼ 650 for ReD ¼ 3197
(U∞ ¼ 1.007 m/s). The grid size is increased or decreased by the
ratio of

ffiffiffi
2

p
in each direction to examine the influence of grid res-

olution on the numerical results. In Fig. 2, the streamwise mean
vorticity is displayed around the first stud, and two pairs of
streamwise vortices are produced by the stud. Because the
streamwise vortical structures play an important role in turbulence
stimulation, the streamwise mean vorticities are examined at 3D
downstream of the stud, as shown in Fig. 3, to qualitatively check
the sensitivity of the vortical structures to the grid resolution in
each direction. The vertical location of extracting mean vorticities is
y ¼ 0.25D. The left column is the vorticity distribution for
ReD ¼ 3197, while the right column is for ReD ¼ 883. As shown in
Fig. 3, the base case denoted by Case0 shows a good agreement
with CaseDX, CaseDY, and CaseDZ, which represent cases with a
fine resolution of the grid in streamwise, vertical, and spanwise
directions, respectively. It means that the current grid size in each
direction is sufficient to conduct large eddy simulation at high ReD
and direct numerical simulation at low ReD. However, coarse cases
represented by CaseCX, CaseCY, and CaseCZ show a noticeable
discrepancy compared to the base case. Fig. 3(c) shows that the grid
resolution in a spanwise direction significantly affects the reliable
prediction of vorticity in the wake of the stud.

To quantitatively verify the grid system used in the present
study, the Grid Convergence Index (GCI) is calculated with respect
to the streamwise force acting on the stud at ReD ¼ 3197 and 883
when the grid size increases or decreases by a ratio of rG ¼

ffiffiffi
2

p
in all

directions, which is a recommended method used in previous
studies (Roache 2003; Eça et al., 2007). The force is made
base
ReqDxþ(max) Dyþ(wall) Dzþ Drþ(min) Drqþ

82 0.51 15 5.1 11.6 1300
41 0.25 8 2.5 5.74 650
16 0.10 3 1.0 0.73 450



Fig. 2. (Color online) Spatial illustration of streamwise mean vorticity around first stud
(visualized by the iso-surfaces). The positive and negative vorticities are denoted by
red and blue surfaces, respectively.
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dimensionless with the diameter and height of the stud and the
freestream velocity. The grid systems used in the present verifica-
tion are denoted as CaseC and CaseD in Table 3. The details of grid
verification are represented in Table 4, where G1, G2, and G3
represent CaseD, Case0, and CaseC, respectively. Given that the
convergence ratio (RG) is between 0 and 1, the monotonic conver-
gence of force acting on the stud is checked (Xing and Stern 2008).
RG is defined as ε21/ε32, where εij represents CD(Gi) e CD(Gj). The
apparent order, pG, of the present numerical method, is calculated

as pG ¼ � lnðRGÞ=lnðrGÞ. The GCI of G2 is obtained as GCI21G2 ¼
rpG

G
1:25e21

r
pG
G �1

.

Before proceeding further, it would be advantageous to observe
the overall feature of coherent structures shown in Fig. 4, where the
vortices are identified using l2 (Jeong and Hussain, 1995). Because
the instantaneous flow fields at ReD ¼ 581 are laminar even in the
wake behind the second stud, the vortex identification is not dis-
played here. The iso-values of l2 are determined based on the
dimension of the symmetric tensor, S2 þ U2, which consists of the
symmetric and antisymmetric parts of the velocity gradient tensor,
respectively. Once the vortical structures that are irrelevant to the
near-wall turbulent structure are generated around the first stud,
they stimulate the wake field behind the stud. On the contrary, the
flow fields at ReD ¼ 1162 are necessary to be stimulated by the
second stud and first stud to obtain a fully developed turbulent
boundary layer. Thewake fields behind the first studs at ReD¼ 3197
and 6972 appear qualitatively turbulent before the flows reach the
second stud.

Now, it is important to investigate where the turbulent
boundary layer is fully developed. In other words, where are the
near-wall turbulent characteristics, including streamwise vortices,
high- and low-speed streaky structures, and bursting phenomena
are, expected to occur?

To examine the characteristics of flow fields in the wake behind
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the studs, the velocity is averaged in time and spanwise direction.
The momentum thickness (q) and friction coefficient (cf) are
computed with the average velocity. Fig. 5 shows the streamwise
distribution of q and cf with respect to x, respectively. The location
x ¼ 0 m is the center of the first stud, and the second stud is placed
at x ¼ 0.2275 m. It can be observed from Fig. 5(a) that the
streamwise distribution of the momentum thickness at ReD ¼ 581
(U∞ ¼ 0.183 m/s) is quite different from those at ReD ¼ 1162, 3197,
and 6972 (U∞ ¼ 0.366 m/s, 1.007 m/s, and 2.196 m/s). This implies
that the flows at ReD ¼ 581 in the wake are not turbulent but
laminar. The spatial development of the momentum thickness is
insufficient to determine the onset location of the fully developed
turbulent boundary layer because the momentum thickness cor-
responding to an outer length scale is inadequate to represent the
near-wall characteristics of the turbulent boundary layer. In addi-
tion to the momentum thickness, we examine the streamwise
distribution of friction coefficient to check the transition from
laminar to turbulent flows, as shown in Fig. 5(b). Hence, the first
wake is defined as a streamwise region from the first stud to the
second stud, whereas the second wake is from the second stud to
the outlet boundary. At ReD ¼ 1162, the friction coefficient de-
creases in the second wake (x > 0.24 m) after it increases in the first
wake (0.02 m < x < 0.2 m). The increase in the skin friction coef-
ficient is attributed to the transition from laminar to turbulence.
The friction coefficients at ReD ¼ 3197 and 6972 increase in the
regions 0.02 m < x < 0:073 m and 0.02 m < x < 0.045 m,
respectively.

To quantitatively compare the streamwise distribution of the
friction coefficient with that of the turbulent boundary layer over a
flat plate, the streamwise location should be expressed as Req. The
previous results of other experiments used in Fig. 6 were indirectly
quoted from Spalart (1988). In this study, the relationship between
the momentum thickness and the friction coefficient shows a good
agreement with that of the fully developed turbulent boundary
layers, even though the relationship is distorted in the vicinity of
the first and second studs. At ReD ¼ 1162, the laminar-to-turbulent
transition is expected to be on-going in the first wake because the
skin friction coefficient increases. The consistency of the skin fric-
tion coefficient with that of the turbulent boundary layers in the
second wake shows that the near-wall turbulent structures
responsible for the wall shear stress of the turbulent boundary
layers are fully developed in the second wake rather than in the
first wake. However, at ReD ¼ 3197 and 6972, the second stud ap-
pears unnecessary from the viewpoint of turbulence stimulation
because the friction coefficient already follows the cf curve of tur-
bulent boundary layers in the first wake.

To elucidate the detailed characteristics of turbulences, the
averaged profiles of velocity and turbulent intensity are shown in
Figs. 7 and 8, respectively. Although the streamwise velocity pro-
files in Fig. 7 show some deviation in the buffer layer between the
viscous sublayer and the log layer, the profiles are consistent with
the law of thewall, which is a representative self-similar solution of
the turbulent boundary layer with zero pressure gradient. This
means that the near-wall coherent structures stimulated by the
studs are similar to those of the turbulent boundary layer in regions
x > 0.24 m, x > 0.13 m, and x > 0.12 m at ReD ¼ 1162, 3197, and 6972,
respectively. The velocity profiles for the values of Req ¼ 1410 in
Spalart (1988) and Req ¼ 685, 1433, 2560 in Schlatter et al. (2010)
are compared for reference. However, the turbulence intensity
profiles, shown in Fig. 8, indicate that the appearance of log-law is
not enough to determine the onset location of fully developed
turbulent boundary layers. At ReD¼ 1162, the turbulence intensities
for the values of Req ¼ 390 and Req ¼ 460 in the second wake are
compared with those for the values of Req ¼ 300 of Spalart (1988).
Even though the near-wall turbulent structures are certain to be



Fig. 3. Spanwise distribution of mean vorticity in the wake (x/D ¼ 3, y/D ¼ 0.25) depending on grid resolution of (a) Dx, (b) Dy, and (c) Dz for the flat plate cases. The dotted, solid,
and dashed lines represent the distribution obtained from the coarse, base, and fine resolution cases, respectively.

Table 4
Non-dimensional force for grid verification.

ReD CD(G1) CD(G2) CD(G3) RG pG e21 GCI21(G2)

3197 0.5807 0.5673 0.5293 0.3526 3.01 2.31% 4.45%
883 0.3504 0.3526 0.3599 0.3014 1.73 0.63% 1.12%

S.B. Lee, W. Seok and S.H. Rhee International Journal of Naval Architecture and Ocean Engineering 13 (2021) 236e245
fully developed in the inner region, the turbulent intensity of the
outer region is still developing between Req ¼ 390 and Req ¼ 460,
i.e., the thin lines are moving toward thick lines as the turbulent
boundary layer is developing. By comparing the values of Req ¼ 670
and 1000 at ReD¼ 3197, and Req¼ 1410 and 2000 at ReD¼ 6972, it is
clear that the turbulence intensity is fully developed in the inner
region but still developing in the outer region. From the viewpoint
of wall shear stress acting on hulls, the turbulent wake fields
behind the second stud can be assumed to be a fully developed
turbulent boundary layer. However, the turbulence intensity in the
outer region needs a longer length in the streamwise direction
behind the second stud to be fully developed.

Fig. 9 shows the instantaneous spatial distributions of stream-
wise velocity fluctuations to observe the spread of turbulent
structures. The velocity fluctuations are extracted from the wall-
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normal locations, where the maximum fluctuations of streamwise
velocity can be observed from Fig. 8. As shown in Fig. 9(a), the in-
crease in the friction coefficient is associated with the spanwise
development of the turbulent coherent structures in the wake. At
ReD ¼ 1162, the wake flow expands the spanwise scope of the
turbulent coherent structures from the first stud (x ¼ 0 m) to the
second stud (x ¼ 0.2 m). At ReD ¼ 6972, the turbulent coherent
structures are developing in 0 m < x < 0.05 m for the WALE model
and in 0 m < x < 0.1 m for the Smagorinsky model. Even though the
developing region of coherent structures behind the first stud is
slightly affected by the SGS models of LES, it is certain that the
second stud installed at x ¼ 0.2275 m is not able to play an
important role in turbulence stimulation at ReD ¼ 6972. This con-
cludes that the transition from laminar to turbulence is affected by
the spanwise development of turbulent coherent structures, and
the spanwise development increases the wall shear stress behind
the first stud, although the developing region of coherent struc-
tures behind the first stud is dependent on the sub-grid scale
models.

To investigate the influence of scale ratio on the turbulence
stimulation of the studs, the length of the full-scale ship is
increased, while LPP of the model-scale ship is set to 7.2786 m,



Fig. 4. (Color online) Near-wall turbulent structures identified using l2 in the wake
behind the first and second studs at ReD ¼ 1162, 3197, and 6972 in the flat plate case,
respectively.

Fig. 5. Streamwise development of (a) momentum thickness and (b) friction coeffi-
cient at different velocities. The dotted, dashed, dash-dotted, and solid lines represent
the distribution obtained at ReD ¼ 581, 1162, 3197, and 6972 in the flat plate case,
respectively.

Fig. 6. Relationship between momentum thickness and friction coefficient in the wake
behind first and second studs. The dotted, dashed, dash-dotted, and solid lines
represent the profiles at ReD ¼ 581, 1162, 3197, and 6972, respectively. The results of
WALE sub-grid scale model are plotted as the bold line, whereas the symbols ð �Þ and
ðDÞrepresent DNS data of Spalart and other experimental data, respectively.

Fig. 7. Profiles of streamwise mean velocity in the wake, where the solid, dotted, dash-
dotted, and dash-double dotted lines represent the profiles obtained at Req ¼ 390, 670,
1000, 1410, and 2000, respectively. The symbols ð �Þ and ðDÞ represent the data of
Schlatter et al. and Spalart, respectively.

S.B. Lee, W. Seok and S.H. Rhee International Journal of Naval Architecture and Ocean Engineering 13 (2021) 236e245
corresponding to the same length as the KCS for convenience.
When LPP of the full-scale ship is 230 m, 300 m, 366 m, and 400 m,
the velocity of the model corresponding to four knots of the full-
scale ship for the minimum propulsion power condition will be
0.366 m/s, 0.321 m/s, 0.290 m/s, and 0.278 m/s, respectively. These
velocities correspond to ReD ¼ 1162, 1019, 921, and 883, respec-
tively. The decrease in the velocity of themodel-scale ship leads to a
low Reynolds number and hydrodynamic dissimilitude of flows
around the full- and model-scale ships as the length of the full-
scale ship increases. The spatial distributions of friction
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coefficient, shown in Fig. 10, shows that no turbulence is observed
in the wake regions behind the first and second studs at ReD ¼ 883.
This means that the Reynolds number of boundary layer based on
the velocity of the model ship is not sufficiently high to stimulate a
transition from laminar to turbulence. If a towing test of a seven m
model-scale ship is conducted for the minimum propulsion power
condition of a 400 m full-scale ship, a hydrodynamic dissimilitude
between full- and model-scale ships is highly expected. Although
turbulence is likely to be stimulated behind the second stud at
ReD ¼ 921 and 1019 corresponding to U∞ ¼ 0.290 m/s and 0.321 m/
s, respectively, a close examination of turbulence statistics is
necessary to check whether the turbulent boundary layer is fully
developed or not.

Fig. 11 shows the relationship between the friction coefficient
and momentum thickness, where the x-axis represents the Rey-
nolds number based on the momentum thickness. The dotted line
denoted the friction coefficient at ReD ¼ 883 decreases with no
evidence of the laminar-to-turbulent transition up to Req ¼ 300.
The dashed line at ReD ¼ 921 shows an increase in the friction
coefficient for Req > 280, which appears to be the onset of the



Fig. 8. Spatial distribution of three components of Reynolds normal stress
ðuþrms ; v

þ
rms and wþ

rmsÞ in the wake. The symbol ð▫Þ represents the DNS data of Spalart.

Fig. 9. (Color online) (a) Streamwise distribution of friction coefficient, where the
dotted, thick solid, and thin solid lines represent the profiles obtained from the DNS,
LES with WALE, and Smagorinsky models, respectively. Spatial distribution of
streamwise velocity fluctuations in laminar-to-turbulence transition obtained from (b)
DNS at ReD ¼ 1162, (c) LES with WALE model at ReD ¼ 6972, and (d) LES with Sma-
gorinsky model at ReD ¼ 6972.

Fig. 10. (Color online) Spatial distributions of friction coefficient stimulated by first
and second studs at different low speeds: (a) ReD ¼ 883, (b) ReD ¼ 921, (c) ReD ¼ 1019,
(d) ReD ¼ 1162.
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laminar-to-turbulent transition by the spatial development near-
wall coherent structures shown in Fig. 10(b). Similarly, the fric-
tion coefficient still continues to increase up to Req ¼ 430 at
ReD ¼ 1019, although the skin friction coefficient is nearly the same
level as that of a fully developed turbulent boundary layer. As dis-
cussed earlier, the wall shear stress at ReD ¼ 1162 is similar to that
of the turbulent boundary layer in the second wake after the
laminar-to-turbulent transition between the first and second studs.
In general, from the viewpoint of the wall shear stress acting on the
hulls, a fully developed turbulent boundary layer is only observed
for Req > 360 at ReD ¼ 1162, whereas the wake is either laminar or
transitional from laminar to turbulence at ReD ¼ 1019, 921, and 883
behind the second stud.

Now, we discuss the flow features at the low speed of ReD ¼ 581
when the studs are installed on the curved plate. Fig. 12(a) displays
a spatial distribution of the instantaneous streamwise velocity to
glimpse an overall feature of flows over the curved plate without
the studs. The accelerated flow along the concave curvature is
separated, although it is not clearly observed in the velocity dis-
tribution because the recirculation is too close to the wall. The
instantaneous distribution of wall shear stress shown in Fig. 12(b)
discloses that the flow is laminar and separated at x ¼ 0.146 m in
the absence of studs on the curved plate. The separated flow still
being in laminar state is reattached at x ¼ 0.2733 m. The separation
and reattachment locations are denoted by the black lines. No
observation of spanwise variation in the instantaneous distribution
of wall shear stress is strong evidence that the flow is in a laminar
state during the process of separation and reattachment. However,
when the studs are installed, the spanwise variation of wall shear
stress displayed in Fig. 12(c) implies the formation of coherent
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structures stimulated by the studs. The stimulation by studs on the
flat plate fails to make a laminar-turbulent transition at ReD ¼ 581,
as discussed in Figs. 5 and 6, but the studs installed on the curved
plate induce turbulent-like fluctuations at the same velocity. An
important question in Fig. 12(c) is whether the laminar-to-
turbulent transition by studs on the curved plate at the present
low ReD is similar to the transition process discussed in Figs. 9 and



Fig. 11. Relationship between momentum thickness and friction coefficient at different
low speeds. The solid, dash-dotted, dashed, and dotted lines represent the profiles
obtained at ReD ¼ 1162, 1019, 921, 883, respectively.

Fig. 12. (Color online) Flow features over the curved plate: (a) instantaneous
streamwise velocity and (b) instantaneous wall shear stress in the absence of studs on
the curved plate, (c) instantaneous wall shear stress and (d) mean wall shear stress
when the studs are installed.

Fig. 13. (Color online) Comparison of vortical structures identified using l2 at
ReD ¼ 581 when the studs are installed or uninstalled on the curved plate, respectively.
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10 or not. In Figs. 9 and 10, the turbulent vortical structures are
directly initiated by the first stud. As it goes downstream, the
spanwise scope of the turbulent vortical structures expands grad-
ually in Fig. 9. It is notable that the spanwise distribution of the
turbulent-like fluctuations in the first wake of Fig. 12(c) is quite
different from the pattern observed in Fig. 9. The turbulent-like
fluctuations in wall shear stress of Fig. 12(c) are observed not
right behind the first stud but near the reattachment region
denoted by the black line at x ¼ 0.24 m in Fig. 12(d), showing a
mean distribution of wall shear stress on the curved plate.

To identify vortical structures responsible for the turbulent-like
fluctuations near the reattachment region, the iso-contours of l2
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criterion are displayed in Fig. 13. No vortical structure is identified
except the recirculation flow between the separation and the
reattachment points on the curved plate without studs, whereas
the small structures of the vortex are clustered near the reattach-
ment region when the studs are installed. It concludes that the
turbulent vortical structures in the first wake are generated not
directly from the first stud but from the reattachment process of the
separated shear layer, which is disturbed by the first stud on the
concave curvature.

4. Conclusions

In this study, large eddy and direct numerical simulations of
transitional flows around the studs on the flat plate as well as on
the curved plate were conducted to investigate the flow charac-
teristics of a laminareto-turbulent transition in the wake behind
the first and second studs and to ensure the effectiveness of the
turbulence stimulators at very low ReD for the minimum propul-
sion power condition tests. The wake was observed up to 0.23 m
downstream behind the second stud. The increase in friction co-
efficient in the laminar-to-turbulent transition was attributed to
the spanwise development of the turbulent coherent structures
stimulated by the studs. The turbulent wake fields behind the
second stud could be assumed to be a fully developed turbulent
boundary layer from the viewpoint of the wall shear stress. How-
ever, a spatial developing zone behind the second stud was
necessary to obtain a full developed turbulent intensity in the outer
region of the boundary layer.

At ReD ¼ 883 (U∞ ¼ 0.278 m/s) corresponding to the scale ratio
of 1/55, no turbulence was observed in the wakes behind the first
and second studs. In contrast, a laminar-to-turbulent transitionwas
observed in the wakes at ReD ¼ 921 and 1019 (U∞ ¼ 0.290 m/s and
0.321 m/s) corresponding to the scale ratios of 1/50 and 1/41,
respectively. The wall shear stress at ReD ¼ 1162 (U∞ ¼ 0.366 m/s)
corresponding to the scale ratio of 1/32 in the second wake was
similar to that of the fully developed turbulent boundary layer after
the laminar-to-turbulent transition in the first wake.

When the studs were installed on the curved plate of which
curvature was designed to describe the geometry of the bulbous
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bow, a cluster of vortical structures was observed in the first wake
over the curved plate at a very low speed corresponding to
ReD ¼ 581. Because the turbulent vortical structures in the first
wake were generated by the reattachment of the separated shear
layer, which was disturbed by the first stud, the laminar-to-
turbulent transition at the very low ReD was concluded to be
quite different from the typical process of transition observed at
relatively high ReD.
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