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Abstract

A rectangular obstacle the front corners of whick deformed in step form (called “stepped nosedautis’) may
experience a much smaller drag force and lift fditaetuation. The underlying physics of this dragluction and
flow stabilization mechanism are explored in nueariand theoretical approaches. In the optimal step
configuration that the flow separating from thenfreurface edges reattaches smoothly at the leasligg of the
main body’s side surface. (1) The pressure dragefacting on the forebody almost vanishes becdgsstiong
vortices trapped in the stepped corners producettihgst force which cancel the drag force actingtba front
surface, and (2) The oscillation of lift force action the obstacle is largely suppressed and thle ¢ the Karman
vortices is reduced because the large scale ofé¢iparated flow over the side surface is suppresHeel step size
which brings about such optimal step flow conditien identified and the dependences of various flow
characteristics on the step size are discussedetaild which will be useful to consider another gireeduction
treatment than streamlining the profile of obstanlengineering application.
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1. Introduction

Drag force acts on an obstacle placed in a unifstne@am. It consists of pressure drag, skin
friction drag, and others. For blunt obstacle pliaitean unbounded, high speed but low-mach
number flow, the contribution of pressure drag ttuéuid displacement by the obstacle is the
most significant, and its magnitude strongly degemal the shape of the obstacle. The dynamic
pressure of uniform flow is a good scaling factbthis drag force. The drag coefficient times
the characteristics cross-sectional area of thiaclesmay be regarded as an effective collision
cross sectional area of the obstacle viewed frenuttiform stream attacking the obstacle. Thus,
a streamlined profile of the obstacle appears dliticnsparent” to the uniform stream. In
engineering application, there are, however, aflases when blunt bodies are preferred from
economical requirement and other reasons. Therdfotlis paper, we consider a method to
reduce the pressure drag of blunt obstacle (typicaalrectangular obstacle placed parallel to a
uniform stream, in two dimensional configuratiory) ¢hanging its nose shape locally while
preserving the overall shape of the obstacle. To&t familiar method is that the sharp edges of

83



an angular nose are rounded out to obtain contgwuatation in shape, which avoids the flow
separation at the front corners. Interestinglyisilso possible to attain the same or more
effective drag reduction by notching the front @rin step form because the local flow
separation in the step regions may make a sinfilectdo the rounding-out of the sharp edges.
Considering the cost of manufacturing curved sedaand the resulting reduction of payload
space, the hydrodynamics involved in this drag cedao method is especially worthwhile to
examine in detail for engineering application.

It is well known that any obstacle placed in a ommf stream experiences no drag force if the
surrounding inviscid flow does not separate frora thbstacle. This paradox (d’Alembert
paradox) emerges because the pressure forces actthg front and back surface cancel out. It
is interesting to note that the direction of th&sees change depending on the geometry of the
obstacle. For example, consider the two dimensipatdntial flow past a circular cylinder, in
which a finite drag force acts on the upstream &adf the same magnitude of thrust force, on
the down stream half. On the other hand, a plateepl perpendicular to a uniform stream has
an infinitely large thrust force on the front swdaand infinitely large drag force on the back
surface, because the contribution of pressureatitiee central part of the plate. Similar things
occur for round and angular nose bodies, too. Teramples suggest that sharp edges may be
utilized to produce large thrust force acting oa threbody and to reduce the total drag force
acting on the obstacle. The purpose of the prgsgrgr is to demonstrate such possibility and to
explore the underlying physics through the two-disi@nal numerical calculation of flow
passing a rectangular obstacle, which has a stegigaoth corners of forebody surface. There
are several experimental evidences, which demaedtia feasibility of the above-mentioned
drag reduction method. In connection with the deatyiction of a tractor-trailer rig by means of
a shield on the roof of the tractor, Saunder [QHistd the overall drag on a prism of circular
cross-section shielded by a disk placed coaxiggtream. Findings from Koenig and Roshko’s
[2] experimental investigation of the shieldingeeff of various disk placed coaxially upstream
of an axisymmetric, flat-faced cylinder are famddemarkable decrease of the drag of such a
system was observed for certain diameter and dags.rd&or such optimum shielding, the
stream surface, which separates from the diskiastes smoothly onto the front edge of the
cylinder. Variation on the axisymmetric disk-cylerdconfiguration included a hemispherical
front body, rounding of the front edge of the cgltn and a change from circular to square
cross-section. The drag of the forebody could I@starally reduced by simply rounding its
edges or corners sufficiently. A corner radius étpuane—eight the body diameter is sufficient
to reduce the drag of the forebody face to neaetp,zprovided the Reynolds number is large
enough that premature laminar separation doesceat.o

Furthermore, there are also experimental studigedace drag of after bodies by controlled
separating flows by Viswanath [3]. Kentfield [14josved that a multistep at after-body that
utilizes the concept of controlled the separatedidl can offer significant drag reduction; he
found 60% base drag reduction compared to an (ufied)dblunt base using a three-step
model at low speeds. Stepped after-bodies remoeenuomber of toroidal vortices, and in a
broad sense, they may be identified with “sepamationtrol by trapped vortices” discussed by
Ringleb [5] with one major difference. For achiayidrag reduction, the vortices generated a
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the annular steps have to be weak in contraststnoag vortex, which is a major feature of
separation control using a standing or a trappe@xoocked after bodies [6], which involve a
stable vortex between the base and a circularrd@knted downstream, utilize stepped nosed
concept.

These examples are closely related to each otheugh the common underlying physics,
which unfortunately have not been fully exploredislis the motivation of our study.

2. Computational model

In the calculation, all quantities were made dinmrisss. The length, velocity, and time were
made dimensionless using the obstacle widthaktl uniform velocity &l In the following
analysis, the same symbol without subscript* wid bsed to denote the corresponding
dimensionless quantity. Computational model usdtlempresent study is illustrated in Fig. 1. A
rectangular obstacle of width-knd length (H+/7+) is placed in a uniform stream confined
between two parallel frictionless walls at a diseaof 5 H apart from either side of the obstacle.
Each corner of the rectangular nose is shapedstemform of length/ - and height h here
after the obstacle will be called “step nose olstadhe Reynolds number, Re, based on the
obstacle width Hand uniform velocity & is assumed to be 10,000. Therefore, the flowratou
the obstacle becomes laminar but unsteady. Theityels uniform at the channel inlet, while a
free outflow condition is imposed at the channdleduThe front face of obstacle is located at a
distance of 5 Hdownstream of the channel inlet. The distance &etwthe back face of
obstacle and the channel outlet is 20 Fhis computational model give 10 % in solid blagk,
However, such solid blockage alter the free-straastocity but slightly affected the flow
phenomena of flow around two dimensional obstasldescribe in rectangular experiment by
N. Djalili & I.S. Gartshore. We trust that this cpaotational configuration is appropriate enough
to simulate the unbounded, uniform flow past tlep stose obstacle. For comparison, we shall
also consider a square and rectangular obstacles.

In the present study, the construction of a steye mbstacle obeys the following rule. Jointing a
rectangle of width (H-Zﬁ) and length/ - with the front face of a square of,Hve compose a
rectangular obstacle with step notches of lengtland height hat its front corners. Two series
of step nose obstacles will be considered to cterrae the step nose effects on various flow
characteristics: (i) Varying the step length for a fixed h = 0.16 H and (ii) Varying the step
height h for a fixed 7+ =0.16 H. For practical application, smaller step heightnsferable, if
effective. The choice of the fixed step height0.16 H in the series (i) is for the convenience
of our numerical study.

The fractional step method (Harlow and Welch 1968h time splitting (Chorin 1968) was
used to solve the two-dimensional Navier-Stokesgguos. The mesh system had non-uniform
grid resolution. The grid becomes gradually finkyse to the obstacle surface in order to
resolve the boundary layer structure developecherfdrebody surface in particular. The total
number of mesh point was about 60,000. The time wts 0.01 x 18to 0.05 x 1G and the
time was non dimensionalized by the obstacle widithand free-stream velocity«l) t =t
H-*U.™%. The pressure convergence criterion ranged frém 10° to 0.01 x 10.
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Fig.1. Computational Model

3. Numerical resultsand discussion
31 The effect of step height

Fixing the step length at =0.16, the step height h was varied from 0.0 $ot@.examine how
the uniform stream impinging on the front face lué bbstacle interacts with the step corners.
The drag coefficient of the obstacle was calculdigdntegrating the time-average pressure
coefficient over the all surfaces normal to theamn stream. Figure 3(a) shows the step height
dependence of the time-averaged drag coefficient e contribution of each surface
component. Since the length of obstacle is fixethis series of calculations, the figure purely
characterizes the step effects. The drag coeffitases a minimum value at a step height nearly
equal to 0.1. The net forebody drag, which is tira sf the contributions of front face and step
walls, is almost zero at this step height. Thednag) force is dominated by the drag force acting
on the back surface. The drag coefficient of stegerobstacle (denoted as total in Fig. 3(a) is
smaller than half the drag coefficient of the regtdar obstacle (at h = 0.0), which touches the
step nose obstacle externally. It should be ndtatthis value is also less than the forebody
drag coefficient 1.2 of two-dimensional round nasestacle (Hoemer 1958). The figure
indicates that the reduction of forebody drag caubke reduction of total drag. Thus, it is
apparent that the drag reduction mechanism ofaifedddy changes the flow separation pattern
(compare Fig. 2(a) and (b)) and reduces the drege facting on the back surface. In the
following, the underlying physics for this phenoraerwill be explored in detail by viewing the
pressure coefficient distribution plotted againstahce measured along the obstacle surface
starting from front surface and moving to the cenfehe back surface. Figure 4(a) shows the
time-averaged pressure coefficient distributionuatb step nose obstacle for various step
heights.
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Fig.2. (a) Step length and dead flow region presasrfunctions of step height, (b) Thrust force
acting on step walls as a function of step height.
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Fig.3. Pressure distributioong) main body’s sides
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Fig.4. Velocity vectors and pressure contour (Qaban instant in quasi-steady state. (a) Square
obstacle, (b) Step nose obstatlie=(0.1 and /= 0.16)

3.2. Lift Oscillation

Large lift coefficient fluctuations of a square taude are caused by the flow separation from the
front corners, which is coupled with the wake flogcillation. The suppression of this flow
separation by the presence of step notches radieuces the amplitude of lift coefficient
fluctuation as seen in Fig. 5(b). The amplituddludtuation becomes minimum for the same
condition as the time-averaged drag coefficientobexs minimum. Figure 5(b) shows the
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dependence of lift coefficient fluctuation amplieudn step length. The amplitude becomes
minimum at the step length which yields the minimdiag coefficient.
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Fig.5. Step heights Vs Lift-Efficient
3.3 Theéeffect of Sep length

Fixing the step height at h = 0.16, the step lengthvas varied to examine how the step
corners interact with the separation bubbles whichld be formed on both sides of the square
obstacle in the absence of the step corners. drsdhies of calculations, the total length of step
nose obstacle increases with step length. Thetwariaf drag coefficient with step length
includes the effect due to the enlargement of fetath of step nose obstacle, which may be
identified in comparison to the two rectangular tables touching the step nose obstacle
internally and externally. Figure 3(b) shows thepdiength dependence of drag coefficient of
step nose obstacle and contribution from each crfln Fig 6, the drag coefficients of
rectangular obstacles with length /14and widths 1 and 1-2h (Hoerner 1958) are drawn for
comparison. As the step length increases from zbeodrag coefficient of step nose obstacle
decreases and takes a minimum value at0.32. A further increase in step length does not
change the drag coefficient drastically. The dragffeccient of the front part slightly increases
and then monotonically decreases with increasiyg lsihgth in a similar way to the rectangular
obstacles touching the step nose obstacle intgraatl externally, but it is considerably even
smaller in comparison to the drag coefficient (idimensionalized by 0(5.U-’H.) of the
rectangular obstacle touching the step nose obstaelrnally.

Figure 4(b) shows the pressure coefficient distidim along the stepped nosed obstacle
surface with various step lengths. The velocitytref flow separating at the front corners is
mainly determined by step height. However, the ghan the step length alters the flow in the
step region, and thus the pressure distributiothenside and back surfaces. The short step
length case{(=0.24) has a similar step flow structure to thgdastep height case discussed in
the previous section. Part of the separated flow fthe front corner impinges on the step wall
and re-separates at the leading edge of side suifae low-pressure part near the leading edge
of side surface is due to this re-separated flomces the re-separated flow velocity is not so
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high; the separation bubble on the side surfaceahsall size. Downstream of it, the side
surface pressure recovers to a certain value & badace pressure in a similar way to the
optimal step flow case/ €0.32). On the other hand, in the cased of 0.48 and 0.8, the flow
which separates from the front corner reattachéseaeading edge of side surface at an angle,
so that the pressure near the leading edge ofssidi@ce becomes nearly equal to, or slightly
higher than, the back surface pressure (see Y. Zherefore, the side flow goes downstream
without separation.
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Fig.6. Step length dependence of time-averagedddraffjcient and contributions of surface
parts relevant.
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Fig.7. Comparison of drag coefficient of step nolsstacle to those of internally and externally
touching rectangular obstacles

The degree of pressure variation along the sidaibecomes small for larger step
length. Thus, the same effect as the step nosaabbstith short side surface may be expected
for a rectangular obstacle of width (lh}2n which a pair of fins with heiglit are mounted at
the same locations as the step walls of the step olostacle. In this case, the side surface of the
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step nose obstacle is replaced by the free stie@snthat are formed behind the fins. If these
free streamlines are curved inward downstreamrtheiureduction in the drag force acting on
the back surface will be attained. This is whaexperimentally shown by Layukallo and
Nakamura (2002), who found that a pair of fins witkight 0.1, mounted at the distance 0.2
from the back surface, considerably reduced thg clafficient of a rectangular obstacle placed
in a transonic (Mach = 0.4) uniform stream

Figure 7 shows the axial velocity profile at tharrend of the side surface. The velocity
increases from zero to a maximum value at a distmoe the surface and then decreases to the
uniform stream value. The laminar boundary layeat tgrows along the side surface

(6/H =48/ +/Re=0.0048) is much thinner than the distance between the siitface and the

maximum velocity point. Therefore, the velocity fimillustrates the time-averaged feature of
the unsteady separated flow. The flow separatioigp the front corners reattaches tangentially
to the leading edges of side surface, the stepnegiessure is low. Therefore, there is an
inverse pressure gradient along the side surfa®s,the flow may re-separate when the
streamwise pressure gradient is too large. Howévsrflow separation is much smaller in scale,
compared to the separated flow from the rectangabdatacle. It is important to note that all

profiles of h > 0.32 collapse to a single curvensistent with the invariance of back surface
pressure with step length.

4. Conclusions

We have examined the flow around the step noseadbst The flow may be characterized by
the separation property at each corner. The sapafidw velocities, wax and hax are the
most important parameters to determine the flowadtaristics of stepped nosed obstacle. The
fluid impinging on the front surface turns its fladirection and flows along the front surface
outward. In the optimal step flow condition whemeaches the step corners, the flow separates
at the front face edge and reattaches at the gadige of side surface of the main body. Then,
a strong vortex is trapped in the step region, wpioduces suction pressure acting on the step
wall. The thrust forces produced by this vortexvaedl as the flow acceleration due to the fluid
exclusion by presence of the obstacle itself cacalaout some of the drag force acting on the
front surface. As a result, the drag force of tiepged nosed obstacle becomes smaller than the
drag of the rectangular obstacle of correspondirgy Ihe net drag is dominated by the back
surface pressure that increased by the effectepf sbrners. The optimal step avoids the
large-scale flow separation from the body. Theesfdhe amplitude of oscillation of lift
coefficient is greatly suppressed. The following aorthwhile to note in particular:

The step not only reduces the drag force actinip@morebody but also suppress the large-scale
flow separation from the obstacle. These effeces wupressure drop in the step region are
caused by the flow acceleration due to the flugpldicement by the presence of body as well as
the trap of strong vortices in the step regionsaBse of viscous effects, the optimal step flow
condition (when the flow separating from the frexdige reattaches at the leading edge of the
side surface) is realized for a rather wide rarfgetep lengths when the step height is chosen
appropriately.
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