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This study investigates the drag reduction e�ect and mechanism of modi�ed transverse
grooves by employing \Constant Width" and \Constant Height " �lleting methods on the
top and valley of two-dimensional transverseV -shaped grooves. Results revealed a signi�cant
increase in the total drag reduction rate, from 13.29% to 23.24%, when a constant width
�llet was applied to the grooves top at r3 = 0 :3=

p
2 mm. However, minimal or negative

e�ects were observed in other cases. These �ndings establish a preliminary theoretical basis
for future transverse groove design and processing.
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1. Introduction

Amidst the exacerbation of energy scarcity, there is a growing emphasis on drag reduction strate-
gies. Remarkably, a research conducted by NASA Langley Research Center highlighted that a
mere 1% decrease in drag translates to a signi�cant 5% to 10% augmentation in subsonic aircraft
payload capacity (Bushnell, 1990). Delving into drag reduction performance, scholars have ex-
plored bio-inspired microstructures since the last century (Walsh and Lindemann, 1984). These
microstructures are categorized into riblets and transverse grooves oriented parallel and perpen-
dicular to the 
ow direction, respectively. Notably, curre nt drag reduction investigations have
predominantly focused on transverse grooves due to their impressive drag reduction attributes
and versatile applicability (Sareen et al., 2014; Ghazaliet al., 2016).

The drag reduction mechanism of transverse grooves has garnered scholarly attention. The
MABS (Micro-Air Bearings) theory, initially developed by N ASA (Bushnell, 1983) in the 1980s,
posits that stable boundary vortices formed by a 
uid within grooves act as bearings, akin to
converting sliding friction into rolling friction, thereb y reducing drag. Pan (1996) experimen-
tally validated this theory and observed that these \bearings" attenuated vertical momentum
exchange in the boundary layer without a�ecting the mainstr eam 
ow. Choi (1989) employed
hotwire/�lm anemometry, 
ow visualization techniques and laser light sheets to investigate
structural changes in the turbulent boundary layer near riblet surfaces. They noted a turbu-
lence intensity reduction of up to 10%, which was further con�rmed by DNS (direct numerical
simulations) conducted by Choi et al. (1993). Subsequent research by other scholars (Garc��a-
-Mayoral and Jim�enez, 2011a,b) entailed experimental andsimulation studies to analyze 
ow
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characteristics within the grooves and corroborated the vortex-related nature of drag reduction
properties, aligning with the qualitative description of t he MABS theory. These �ndings o�er
valuable insights into the drag reduction mechanisms associated with transverse grooves.

Other scholars focused on parametric studies of transversegrooves. Bai et al. (2016) con-
ducted numerical simulations to investigate the drag reduction e�ciency of four di�erent ge-
ometries: V -shaped, zigzag, rectangular and semi-circular. They discovered that a V -shaped
groove textured surface achieved the highest friction coe�cient. Oak Ridge National Laboratory
(Barbier et al., 2012) conducted experimental tests on grooves of varioussizes at low speeds and
observed a drag reduction rate of 13% for a 1 mm deep groove. However, as the 
ow velocity
increased, the secondary 
ow developed, leading to a lower drag reduction rate. Nevertheless,
even for larger grooves, the drag reduction rate remained above 15%. To provide a quantitative
theoretical foundation for groove parameter design, Liet al. (2022a) proposed a physical model
that established the relationship between dimensionless depth of a transverse groove, dimension-
less in
ow velocity and drag reduction rate. They quasi-analytically solved for the optimal and
maximum transverse groove depths based on Reynolds numbers. Moreover, the grooves exhibit-
ted favorable applications in heat transfer compared to 
at plates (Belhocine and Wan Omar,
2015; Bilen et al., 2009).

Parametric studies have promoted the engineering application of the grooves. However, little
research has focused on the local structural optimization of such grooves. Recent experiments
by Leitl et al. (2022) revealed that defects occurring in the microstructure, either due to pro-
cessing or prolonged usage, could signi�cantly a�ect drag reduction. We contend that the top
and valley, also as the most subtle components within the grooves, possess the highest potential
for machining errors and are susceptible to wear and contamination during usage. Hence, we
aimed to investigate the in
uence of geometric modi�cations to the top and valley on the 
ow
characteristics in the vicinity of the grooves. This study modi�ed the shape of commonly used
two-dimensional transverseV -grooves top and valley and analyzed the corresponding dragre-
duction e�ects through numerical simulations. The results shed light on the signi�cance of these
shape alterations in in
uencing the drag reduction rate. This research provides a theoretical
basis for the future groove design and processing, enablingan improved performance in various
applications.

2. Models and methods

2.1. Geometric modi�cation of the transverse groove

From the study of Cui and Fu (2012), a symmetric V -shape is the simplest structure of
transverse grooves and has certain improvement potential in the drag reduction e�ect. Conse-
quently, a geometric prototype groove (V -shape) was selected, as shown in Fig. 1a, where the
dimensionsw and h denote width and height of the transverse groove. The 
ow state near the
groove is visually represented by red lines.

The drag reduction model proposed by Li et al. (2022a) has high accuracy for Reynolds
numbers below 2.18E5. Consequently, a Reynolds number of Re= 1 :5E5 is selected near the
groove (incompressible). So, the dimensionless incoming 
ow velocity (U+

1 = U1 =u� ) is 19.34,
while the dimensionless height of the groove (H + = Hu � =� ) reaches approximately 10.26, re-
sulting in the maximum drag reduction. Here, U1 denotes the actual incoming 
ow velocity,
H represents the groove depth, andu� is the friction velocity that characterizes turbulent shear
stress and related parameters. In this case, the prototype groove depth is 0.5 mm. To maintain
vortex stability within the groove, the prototype groove wi dth W is set to 1 mm, ensuring an
aspect ratio AR = W=H of approximately 2 (Li et al., 2022b).
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Fig. 1. Flow �eld with di�erent geometry: (a) prototype groo ve, (b) �llet top, (c) �llet valley

In Fig. 1a, two vortices are exhibited in a single groove, di�ering in scale, position and
direction. The small secondary vortex located at the groovevalley experiences intense shearing
against the wall, which is usually detrimental to the overall drag reduction e�ect. Meanwhile, a
larger scale boundary vortex makes the boundary layer of themainstream slip, acting akin to
the \rolling bearing" (Bushnell, 1983). While, the mainstr eam stagnates at the windward side
of the grooves and produces local separation at the leeward side, resulting in an extra pressure
drag at the top.

From the above analysis, it can be concluded that the 
ow inside the grooves is in
uenced
by geometry of the valley and top. Speculatively, modifying the �llet on the top and valley
(Figs. 1b and 1c) could eliminate shear from the secondary vortex and weaken the high-pressure
area caused by the boundary vortex. This modi�cation has potential to signi�cantly enhance
the overall drag reduction rate of the grooves.

Considering the actual processing and other aspects, two kinds of �llet methods are �nally
adopted to optimize the top and valley geometry of the grooves:

� Constant Width (CW): Reduce the height of the individual gro ove and remain the width
of geometry unchanged, as shown in Figs. 2a and 2c;

� Constant Height (CH): Expand the width of the individual gro ove and remain the height
unchanged, as shown in Figs. 2b and 2d.

Fig. 2. Di�erent �llet: (a) constant width top, (b) constant height top, (c) constant width valley,
(d) constant height valley

In practical machining, these two geometric modi�cation methods are easily attainable. For
instance, in the case of metal groove machining, the desiredmodi�ed geometry can be obtained
by simply altering the shape of the cutting tool based on the prototype. This facilitates subse-
quent experimental validation and facilitates widespreadapplication of the modi�ed grooves on
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a larger scale. Defects exceeding 60%h (0.3 mm) in geometric changes are rare, thus not requiring
further investigation.

The two methods involve maintaining the wall inclination constant, and h is the distance
from the prototype groove vertex to the �llet center, whose relationship with the �llet radius as

h =
p

2r h 0 = r 0 (2.1)

The speci�c geometric modi�cation scheme is outlined in Table 1, detailing the �llet location
(FL), �llet radius (FR) and �llet method (FM).

Table 1. Geometric modi�cation scheme

FL FR [mm] FM

Top

r1 = 0 :05=
p

2 CW
r2 = 0 :1=

p
2 CW

r3 = 0 :3=
p

2 CW
r 0

1 = 0 :05 CH
r 0

2 = 0 :1 CH
r 0

3 = 0 :3 CH

Valley

r1 = 0 :05=
p

2 CW
r2 = 0 :1=

p
2 CW

r3 = 0 :3=
p

2 CW
r 0

1 = 0 :05 CH
r 0

2 = 0 :1 CH
r 0

3 = 0 :3 CH

2.2. Computational domain and boundary conditions

A schematic representation of the computational domain andboundary conditions is pre-
sented in Fig. 3. The computational domain possesses a height and length of 500 mm, signi�cantly
larger than the boundary layer thickness. The freestream allows for the transition from a laminar
to turbulent 
ow over the upstream smooth wall, which extend s over a length of 365 mm. The
downstream smooth wall with a length of 300 mm ensures minimal pressure perturbations at the
outlet. Situated between the two smooth walls is a grooved wall, approximately 12 mm in length,
comprising symmetric V -groove pro�les. The grooves have an aspect ratio of 2 (AR = W=H)
and a depth of 0.5 mm.

Fig. 3. Computational domain and boundary conditions

The computational 
uid dynamics analysis (CFD) of the groov e surface is performed using
the Fluent 18.2 commercial software. The inlet boundary condition is de�ned as a constant
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velocity of 6 m/s. And the upstream smooth wall extends for a length of 365 mm, resulting in
minimal impact of pressure disturbances on the velocity inlet. The pressure outlet condition
is set with a constant gauge pressure of 0 (Operating Pressure = 101325 Pa). Additionally, all
smooth walls are assigned the no-slip wall condition. In simulation, the key lies in solving the
Navier-Stokes equations as (Belhocine and Abdullah, 2019)

@
prtt

(�u i ) +
@

@xj
(�u i uj ) = �

@p
@xi

+
@�ij
@xj

+ �g i + Fi (2.2)

where p is the static pressure,� ij is the surface stress tensor,gi and Fi are gravity and external
volume force. To solve the system of partial di�erential equations composed of the Navier-Stokes
equation, continuity equation and energy equation, numerical methods are required.

DeGroot et al. (2016) conducted an extensive investigation on a turbulent 
ow in grooved
channels and their potential for reducing friction factors. They validated the RANS (Reynolds-
-Averaged Navier-Stokes) modeling approach by comparing it with DNS (direct numerical sim-
ulations), con�rming its accuracy and computational e�cie ncy for studying the turbulent 
ow
in grooved channels. In this study, the steady Reynolds-Averaged Navier-Stokes approach is em-
ployed for CFD (computational 
uid dynamics) simulations. The Reynolds-Averaged Navier-
-Stokes (RANS) method is extensively employed for tacklingturbulent 
ow phenomena. It
involves the temporal averaging of the governing Navier-Stokes equations to obtain a set of
time-averaged equations. Subsequently, additional turbulence models are employed to account
for the in
uence of turbulence on the 
ow. Considering that t he Transition SST four-equation
turbulence model is more sensitive to 
ow separation, pressure gradient, and can capture 
ow
characteristics in the near-wall region well (Menter et al., 2006; Aftab et al., 2016), it is used to
determine the 
ow �eld.

2.3. Grid delineation and independence study

The structured mesh shown in Fig. 4 is generated using the Ansys ICEM meshing tool. To
ensure accurate boundary layer 
ow simulation, the Transition SST turbulence model requires
the Y plus value below 1. In order to capture the 
ow details near the groovesh = 0 :5 mm
with enhanced precision, considering the Reynolds number and the physical parameters of the
medium, the normal distance from the nodes of the �rst grid layer to the wall surface is set to
0.003 mm. Consequently, the actualY plus range near the grooved wall falls within the range of
0.0599-0.06.

Fig. 4. Mesh distribution around the transverse V -groove

Figure 5 shows the relative error of the total drag of the grooved plate compared with
that of the smooth plate at di�erent grid-re�nement levels. It can be observed that when the
number of grid cells exceeds 297 463, the relative error for both drags remains below 0.05%.



746 Z. Li et al.

Consequently, to strike a balance between the computational accuracy and resource e�ciency,
the subsequent calculations utilize approximately 297 463grid cells to ensure accurate results
while saving computational resources.

Fig. 5. Veri�cation of grid independence

2.4. Numerical method validation

To assess the accuracy of the numerical method, a numerical simulation of a grooved plate
with depth of 1.62 mm and width of 3.57 mm was conducted in a wind tunnel. The simulation
results were then compared to relevant experimental data obtained by Ahmadi-Baloutaki et
al. (2013), Fig. 6. When considering a turbulence intensity of0.5% and a Reynolds number of
1.85E5, the relative errors between the numerical calculations and the experimental results were
all below 5%. These �ndings, coupled with the conclusions drawn by DeGroot et al. (2016),
validate the accuracy of the numerical method employed in this study for accurately predicting
the drag reduction e�ect of transverse grooves.

3. Law of the drag reduction rate

The drag of a grooved plate is formed by viscous dragFCV and pressure dragFCP , de�ned as
(Li et al., 2022a)

FGV =

lsZ

0

)� � ex dl FCP =

lsZ

0

(p � p1 )n � ex dl (3.1)

Here, � is the shear stress on the wall surface,ex is the unit vector along the x direction (
ow
direction), ls is length of the wetted wall of grooves,p1 is the ambient pressure,l is the unit
area along the groove wall, andn represents the normal vector to the wall. Further, the drag
reduction rate can be denoted by Eq. (3.2) (Li et al., 2022a), whereFG and FR represent the
drag of the grooved and smooth plate, respectively

� =
FG � FR

FR
=

FGV � FR

FR
+

FGP

FR
= � v + � p (3.2)
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Fig. 6. The comparison of numerical and experimental results (Ahmadi-Baloutaki et al., 2013)

Here, � v denotes the reduction rate of viscous drag which is negative. � p denotes the increased
rate of pressure drag which is positive. A negative value of� indicates a reduction in the total
drag with a higher absolute value indicating a higher drag reduction rate. The drag reduction
characteristics of the grooves with di�erent �llet radii (F R) after using two �llet methods (FM),
constant height (CH) and constant width (CW), at two �llet po sitions (FP), top and valley, are
presented in Table 2.

Table 2. Calculation results of drag reduction characteristics

FP FR FM � p � v �

Prototype r0 = 0 - 78.24% � 91:53% � 13:29%

Top

r1 CW 65.38% � 80:62% � 15:24%
r2 CW 59.22% � 76:16% � 16:94%
r3 CW 44.45% � 67:69% � 23:24%
r 0

1 CH 64.95% � 77:26% � 12:31%
r 2 CH 59.38% � 70:90% � 11:52%
r 0

3 CH 46.28% � 56:03% � 9:77%

Valley

r1 CW 78.14% � 91:49% � 13:35%
r2 CW 78.23% � 91:55% � 13:32%
r3 CW 81.60% � 93:21% � 11:62%
r 0

1 CH 78.80% � 92:06% � 13:26%
r 0

2 CH 79.32% � 92:71% � 13:39%
r 0

3 CH 82.14% � 95:74% � 13:60%

3.1. Fillet top

The calculation results shown in Table 2 indicate that the geometric modi�cations at the
top of the groove signi�cantly impact the drag reduction rat e, consistent with �ndings reported
for riblets in the previous studies (Leitl et al., 2022). Comparing the cases with a constant
height, the grooves exhibit improved drag reduction e�ectswhen �lleted using a constant width.
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Among the existent constant width cases, the drag reductionrate increases with the increasing
�llet radius, with a substantial increase from 13.29% to 23.24% observed when the �llet radius
reachesr3. Conversely, when �lleted using a constant height, the grooves display a lower drag
reduction rate compared to the prototype grooves, primarily due to the greater decline in the
absolute value of� v .

In terms of speci�c changes in the drag reduction rate, the �llet top results in a decrease
of � p (cost) and the absolute value of� v (bene�t). Ultimately, the actual variation in the drag
reduction rate is determined by the delicate balance between the bene�ts and costs associated
with these changes.

3.2. Fillet valley

The in
uence of �lleting the valley on the drag reduction rat e of the groove is relatively
minimal compared to the �lleting of the top. From the perspective of � v , � p and � , when the
�llet radius is small, the variation of these values with the two �llet methods are almost the same
compared with the prototype groove. While the �llet radius r eachesr3, the � p of the groove in
the constant width cases suddenly signi�cantly increases and the absolute value of� v increases
less, leading to a reduction in the drag reduction rate from 13.29% to 11.62%.

While this Section presents the observed patterns of the drag reduction ratio in �llet trans-
verse grooves based on the changes in� v and � p, it does not provide an explanation for these
variations. In the upcoming Section, we delve into the 
ow details to uncover the underlying
mechanisms that drive these changes.

4. Mechanism analysis

4.1. Characteristics of drag reduction induced by the �llet top

4.1.1. Fillet top and pressure drag

Figure 7 describes the pressure distribution in a unit groove on the wall with di�erent �llet
radii at the top. In the vicinity of the prototype groove (Fig . 7a), a region of high pressure is
observed on the windward side of the top, while a localized low-pressure region is present on the
leeward side. In Figs. 7h and 7i, these regions manifest as sharp positive and negative pressure
peaks, respectively, at the top of the prototype groover0. Filleting the top with a constant
width leads to a more uniform pressure distribution on both sides of the transverse groove, as
depicted in Figs. 7b, 7d, 7f, and 7h. The drag reduction e�ectimproves with the increasing �llet
radius. For instance, in Fig. 7h, with a �llet radius of r3, the di�erence between the positive and
negative peaks of gauge pressure is approximately 0.05 Pa, whereas on the prototype groove, this
di�erence reaches 0.45 Pa. The closer pressure on either side near the top of the groove signi�es
a lower pressure drag in that region.

Filleting the top of the groove with a constant height also leads to a reduction in pressure
peaks, as shown in Fig. 7i, although not as much as in the constant width method. In the constant
height cases, the minimum value of di�erences between the positive and negative peaks is 0.12
(at r 0

3), which is nearly twice the corresponding value achieved bythe constant width �lleting.
However, the constant height method widens the individual grooves, resulting in wider regions
of the local low and high pressure. This leads to a decrease inpressure gradient. Consequently,
the actual reduction in pressure drag achieved by this �llet method is comparable to that of the
constant width method.

The streamline patterns depicted in Fig. 8 provide further insights into the underlying mech-
anism behind the changes in the drag reduction rate after �lleting. It is evident that the stream-
lines exhibit periodic variations in the response to the groove structure. In Fig. 8a, as the 
uid
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Fig. 7. Pressure distribution with the �llet top: (a) protot ype groover0, (b) CW r1, (c) CH r 0
1,

(d) CW r2, (e) CH r 0
2, (f) CW r3, (g) CH r 0

3, (h) CW, (i) CH

Fig. 8. Streamlines with the �llet top: (a) prototype groove r0, (b) CW r1, (c) CH r 0
1, (d) CW r2, (e)

CH r 0
2, (f) CW r3, (g) CH r 0

3

enters the V-shaped groove and forms a vortex, it experiences stagnation on the windward side
of the groove top, leading to generation of a high-pressure region. As the 
uid crosses the top, a
sharp turning angle induces separation, resulting in a local low-pressure region. However, when
the groove is �lleted either by a constant height or constant width, the turning structure becomes
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smoother, mitigating the stagnation and separation e�ects. Therefore, the pressure distribution
on both sides of the groove top becomes more uniform, and the streamlines are closer to the
geometric structure, resulting in a reduced pressure drag at the top of the groove.

4.1.2. Fillet top and viscous drag

Based on the above analysis, it is evident that the pressure drag of the V-groove decreases
with both the constant height and constant width �lleting me thods. However, the drag reduction
rate of the top �lleted by the constant height is inferior to t hat of the prototype groove, as shown
in Table 2. Hence, further investigation is required to understand the correlation between the
reduction in the drag reduction rate and wall shear stress.

Figure 9 presents the wall shear stress distribution on the �lleted top of the groove. It
is evident that the wall shear stress follows a periodic pattern corresponding to the groove
structure. The shear stress near the valley exhibitsM shaped peaks, which are higher than the
corresponding smooth wall shear stress. The �llet top has a little impact on the positive shear
stress region near theM peaks, particularly in the constant width cases. The shear stress at
the top is represented by a sharp negative peak. With an increase in the �llet radius, the peak
shear stress near the groove top signi�cantly decreases, resulting in a reduction in the extent
of negative shear stress and an increase in the total viscousdrag. In the constant height cases,
the range of wall shear stress exceeding that of the smooth wall also increases, leading to a
sharp rise in the total drag. This observation indicates that while �lleting by the constant height
reduces the pressure drag of the groove, it substantially increases the viscous drag, resulting in
an inferior drag reduction rate compared to the prototype groove.

Fig. 9. Wall shear distribution with the �llet top: (a) proto type groove r0, (b) CW r1, (c) CH r 0
1,

(d) CW r2, (e) CH r 0
2, (f) CW r3, (g) CH r 0

3

4.2. Characteristics of drag reduction induced by the �llet valley

4.2.1. Fillet valley and pressure drag

The pressure distribution in Fig. 10 reveals that the �llet v alley has almost no major e�ect
on the pressure distribution near theV-groove when the �llet radius is small, resulting in slight
changes to the local pressure. In the constant width cases, the pressure distribution curves of
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the �llet groove almost coincide with that of prototype groo ve (Fig. 10h). For instance, when
the �llet radius reaches r2, the overall pressure variation compared to the prototype groove is
within 0.02 Pa. Similarly, in the constant height cases, thepressure peaks hardly change after
�lleting at r 0

1 and r 0
2. However, as the �llet radius increases, the e�ect of local pressure becomes

more pronounced. For example, in the constant width cases, when the �llet radius reaches r3,
and in the constant height cases, when it reachesr 0

3, the positive and negative pressure peaks
in Figs. 10h and 10i, respectively, are signi�cantly larger than those in the prototype grooves.
In these cases, the pressure drag is higher.

Fig. 10. Pressure distribution with the �llet valley: (a) pr ototype groove r0, (b) CW r1, (c) CH r 0
1,

(d) CW r2, (e) CH r 0
2, (f) CW r3, (g) CH r 0

3, (h) CW, (i) CH

The streamline diagram in Fig. 11 illustrates that �lleting the groove leads to a closer �t
of the streamline with the corner of the turn, resulting in th e elimination of secondary vortex
structures and a moderation of velocity as well as pressure gradient at the groove valley. The

uid near the valley is in
uenced by the central vortex and mo ves in the clockwise direction.
While the reduction in pressure gradient suggests a potential decrease in the pressure drag,
it is important to note, as stated in the earlier �ndings in Se ction 4.2, that this advantage is
very small and may even have a negative impact when the �llet radius is large. Moreover, the
reduction in the velocity gradient may a�ect the viscous drag, which will be further discussed
in the subsequent Section.
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Fig. 11. Streamline distribution with the �llet valley (a) p rototype groove r0, (b) CW r1, (c) CH r 0
1,

(d) CW r2, (e) CH r 0
2, (f) CW r3, (g) CH r 0

3

4.2.2. Fillet valley and viscous drag

Figures 12a-12e demonstrate that the wall shear stress in cases with small �llet radius re-
mains largely unchanged compared to the prototype groove, corroborating the �ndings in Ta-
ble 2. Combined with the streamline diagram shown in Fig. 11,the absence of secondary vortex
structures leads to an increase of the valley range of theM peak, indicating a reduction in
the viscous drag. This reduction becomes particularly prominent with a larger �llet radius, as
depicted in Figs. 12f and 12g. Consequently, in the cases with a large �llet radius, while the
elimination of secondary vortex structures may contribute to an increase in the pressure drag
at the groove valley, the decrease in the viscous drag can o�set this e�ect, ultimately resulting
in a higher drag reduction rate.

Fig. 12. Wall shear distribution with the �llet valley: (a) p rototype groove r0, (b) CW r1, (c) CH r 0
1,

(d) CW r2, (e) CH r 0
2, (f) CW r3, (g) CH r 0

3

5. Conclusion

In this study, numerical simulations were performed to investigate 
ow characteristics of a 
at
plate with two-dimensional V -shaped transverse grooves. The e�ects of two �lleting methods,
namely \Constant Width" (CW) and \Constant Height" (CH), at the top and valley of the
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grooves were examined to understand the changes in the 
ow mechanism. The key �ndings are
summarized as follows:

� The �lleting of the top of transverse grooves has an obvious impact on the drag reduction
characteristics compared to the prototype grooves plate. Filleting the top leads to a de-
crease in the rate of increase in the pressure drag� p, but it also reduces the absolute value
of the viscous drag reduction rate� v . When applying a constant width �lleting, the total
drag reduction rate signi�cantly increases with a larger �l let radius, reaching a maximum
of 23.24% atr3 = 0 :3=

p
2 mm from 13.29% due to a faster decrease in the cost (pressure

drag). Conversely, �lleting the top using a constant height results in a larger rise in the
viscous drag, leading to a decrease in the total drag reduction rate with the increasing
�llet radius.

� Both constant width and constant height �lleting methods el iminate the secondary steady
vortex at the valley of the groove, thereby reducing the viscous drag. However, at a larger
�llet radius, these methods also increase the rate of increase in the pressure drag, leading
to a reduction in the overall drag reduction rate. In the caseof the constant height �lleting,
the drag reduction rate remains relatively unchanged compared to the prototype grooved
plate, as the bene�ts and costs are balanced. On the other hand, the constant width
�lleting results in a lower total drag reduction rate of 11.6 2% at r3 = 0 :3=

p
2 mm due to

the higher � p.

In summary, our study analyzed the impact of modifying the top and groove of transverse
grooves on drag reduction performance. We found that geometric changes of the top, resem-
bling the \constant width" approach discussed earlier, aree�ective in improving the actual drag
reduction performance of the grooves. So, engineers can intentionally design grooves with sim-
ilar geometries to enhance the drag reduction performance even further. In the future, we will
focus on investigating the impact of other forms of geometric variations on the drag reduction
performance after a long-term use of the grooves.
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