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Abstract

Sev eral h undred of large-eddy sim ulations with activ e 
o w con trol

ha v e b een carried out prop osing a no v el rear-end of a trailer. It is

found that for certain con�gurations, a reduction of aero dynamic drag

b y up to 30% or more is ac hiev ed. The reduction is mainly due to a

pressure reco v ery on the 
ap surface and the rear-end of the trailer.

The v ariables of AF C are in v estigated and optimized using resp onse

surface metho dology . A thorough analysis of the mec hanism of 
o w

con trol and the 
o w c haracteristics of the forced and unforced case are

discussed. The slot lo cation, span-wise mesh and domain size, p erio dic

blo wing and suction v ersus p erio dic blo wing and turbulence mo deling

in v estigations are carried out in order to ev aluate the ac hiev ed drag

reduction.
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1 In tro duction

1.1 Bac kground

The aero dynamics of to da y's truc ks is far from optimal. While v ehicle man-

ufacturers of p ersonal cars dev elop their sophisticated mo dels that are de-

signed for lo w fuel consumption so is the rear end of all truc ks in principle

squared with four p erp endicular corners. T ruc k man ufacturers around the

w orld ha v e b egun to realize the great need that exists to reduce fuel con-

sumption and impro v e en vironmen tal p erformance of truc ks. In order to

dev elop more en vironmen tally friendly v ehicles to meet the gro wing en vi-

ronmen tal requiremen ts, the harder in ternational comp etition within the

hea vy-v ehicle industry and the still increasing fuel prices, one has to in-

clude and consider the trailer in the aero dynamic design dev elopmen t [1]

and implemen t adv anced activ e 
o w con trol tec hniques.

Most of the drag on a truc k is caused b y the w ak e b ehind the trailer

whic h is called the base drag. It is in tro duced due to the sharp edges on

the rear-end where the 
o w naturally separates. This e�ect giv es rise to a

large lo w-pressure region and th us increases the pressure di�erence b et w een

the fron t and bac k. The large lo w-pressure region acts as a force that suc ks

the whole truc k bac kw ards. An e�ectiv e w a y to increase the pressure on the

bac k is b y in tro ducing angled 
aps. By in tro ducing the 
aps at an angle

less than the natural separation angle, the w ak e b ecomes narro w er whic h

decreases the base drag. If the angle is increased, the base drag increases

again. The idea is no w to further decrease the base drag b y attac hing the


o w on to the 
ap surface again. The attac hmen t pro cess is done using activ e


o w con trol (AF C). The idea of using 
aps and reattac hing the separated


o w is in line with researc h with successful results on tilt-rotor aircrafts

done b y the authors in [2, 3] that w as a con tin uation from previous researc h

[4 , 5 , 6 ].

Tw o main 
o w ph ysical goals are exp ected from this tec hnique. The �rst

one is to narro w the size of the w ak e b y attac hing the separated 
o w and

the second is to mak e the w ak e less in tensiv e. The former one is ac hiev ed b y

the in tro duction of 
aps at high angle at the rear-end and reattac hing the

naturally separated 
o w on to the 
ap surface. The reattac hmen t pro cess is

done b y the increased lev el of turbulence close to the separation p oin t that

re-energizes the w eak b oundary la y er, that is to separate. The latter one is

ac hiev ed b y the creation of small v ortices, that are generated b y the blo wing

and suction of the AF C, and whose in tensit y increases do wnstream. These

v ortices dev elop a shear la y er that destro ys the dissipativ e w ak e structure

and mak es the w ak e less in tensiv e.
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1.2 Flo w con trol

Flo w con trol is probably the hottest researc h area in 
uid mec hanics. T o b e

able to manipulate a 
o w �eld in order to ac hiev e desired engineering b en-

e�cial results seems to b e the w a y to meet to da y's demands in comp etitiv e

and e�cien t solutions for the automotiv e industry .

\The pro cess or op eration b y whic h certain c haracteristics of a

giv en 
o w are manipulated in suc h a w a y as to ac hiev e impro v e-

men ts of a sp eci�c tec hnical p erformance."(Fiedler [7 ]).

This de�nition giv es a go o d description of the �eld of 
o w con trol. T o-

da y , the demands in en vironmen tal friendly , economical and e�cien t v ehicles

are one of the driving forces for the dev elopmen ts in this hot �eld. The birth

of this �eld scien ti�cally go es bac k to 1904 when Prandtl presen ted his w ork

\On Fluid Motion with V ery Small F riction" at the Third In ternational

Congress of Mathematicians held at Heidelb erg, German y . The b oundary-

la y er theory w as in tro duced and con trolled activ ely b y suction in order to

dela y separation on a surface of a cylinder. The adv ancemen t in this �eld

w as rapid during the Second W orld W ar and the cold w ar. The needs of ef-

�cien t, comp etitiv e and fast aircrafts, missiles and other military equipmen t

whic h includes 
uid dynamics w ere not targeted without the use of 
o w

con trol strategies. Some of the adv ancemen ts include dela ying transition in

laminar 
o ws to ac hiev e drag reduction. Civilian in terest of 
o w con trol

grew in connection with the energy crises 1973 where the goal w as to con-

serv e energy b y e.g. reducing drag for civilian air, sea and land v ehicles. By

the use of computational 
uid dynamics more applications of 
o w con trol

has b een in v estigated to w ard optimal design targets. This includes reactiv e

con trol strategies and the dev elopmen ts of micro electromec hanical systems

(MEMS) [8 ].

There are di�eren t views of ho w to classify 
o w con trol strategies [8 ].

The most common one is b y considering the energy input in to the system,

as sho wn in Figure 1(a). If no energy is used while con trolling the 
o w, the


o w con trol is passiv e and b y the use of energy the 
o w con trol b ecomes

activ e.

1.2.1 P assiv e and Activ e Flo w Con trol

P assiv e 
o w con trol is ac hiev ed b y geometrical mo di�cations or additional

geometrical con�gurations in order to con trol the 
o w or to generate a de-

sired b eha viour. V ortex generator is a t ypical example of passiv e 
o w con trol

where a small v ane creates a v ortex. It is used on airplanes to dela y sepa-

ration at the cost of increasing the drag. The in tro duction of 
aps in this

w ork is a kind of passiv e 
o w con trol, the idea is to narro w the size of the

w ak e b y main taining the 
o w reattac hed on the 
ap surface.
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FLOW
CONTROL

PASSIVE ACTIVE

Energi inputNo energy input

(a) Classi�cation of 
o w con trol.

Predeterm. Reactive

Without measure With measure

ACTIVE
CONTROL

(b) Classi�cation of activ e 
o w con trol.

Figure 1: Classi�cation diagram of 
o w con trol metho ds.

Activ e 
o w con trol is further classi�ed in predetermined and reactiv e

con trol. The predetermined case is also called an op en-lo op activ e 
o w

con trol. Here predetermined energy is used as input without measuring an y

quan tit y in the 
o w �eld. A t ypical device is an actuator with a mec hanical

motion in order to con trol the 
o w. The e�ect is linear or p erio dic excitation

of 
o w in desired regions. Figure 1(b) sho ws this classi�cation. Reactiv e 
o w

con trol is when the state of a v ariable is measured and used in the con trol

pro cess. Reactiv e 
o w con trol can b e divided in to t w o cases dep ending on

whic h v ariable is measured. If the measured v ariable is also the con trolled

one, the reactiv e con trol is a closed feedbac k lo op con trol, otherwise it is an

op en feed-forw ard one.

In this w ork, predetermined activ e 
o w con trol is used. This c hoice is

based on sev eral basic principles. It is m uc h easier to start an in v estigation

b y predetermined con trol. If there is no p oten tial net e�ect, then feedbac k

con trol can b e the next step. If there is an e�ect, feedbac k con trol can b e

the next step to further impro v e the 
o w con trol. W e also assume that in

general the truc ks are driv en at constan t v elo cit y magnitude at high w a ys, in

Sw eden around 90 k m=h . Th us there is less need to ha v e feedbac k con trol

if the truc k v elo cit y is constan t. Ho w ev er the w eather (e.g. side-winds) will

probably a�ect the desired con trol but suc h considerations is out of the scop e

of this w ork y et. F uture w ork will probably include suc h in v estigations.

The engineering end-results e.g. drag reduction or reducing noise lev els,

is a consequence of the strategies in con trolling the 
o w. Flo w con trol is used

to dela y or adv ance transition, prev en t or pro v ok e separation and suppress or

enhance turbulence. In this w ork, 
o w con trol is used to enhance turbulence

on the 
ap surface whic h in turn dela ys the separation and �nally reduce

the size of the w ak e and the lev el of turbulence in the w ak e. It is not alw a ys

ob vious whic h strategy to use in order to con trol the 
o w. There are alw a ys

bi-e�ects whic h one has to deal with to get the desired result. The actuators

5



will e.g. increase the lev el of noise that could b e disturbing for passenger

cars b ehind the truc k; the truc k driv er will probably not hear the increased

lev el of noise regarding that the length of the truc k is o v er 13 m .

1.2.2 Other e�orts

Sev eral e�orts ha v e b een carried out in order to minimize the base drag on

truc ks. Both pure passiv e and com bined with activ e 
o w con trol strategies.

The in v estigations in [9 ] and [10 ] b oth used passiv e devises moun ted at the

rear-end of the trailer. In [9 ] a drag reduction of 15% w as reac hed b y using

base 
aps inclined at 15

�

. In [10 ] they tried with v ortex generators, base


aps and b oattail. The v ortex generators actually increased the drag but

the 
aps and b oattail sho w ed marginal drag reduction.

Sev eral activ e 
o w con trol e�orts ha v e b een carried out, b oth with and

without 
ap. Without 
ap w as in v estigated in [11 ] and [12 ], the authors in

[11 ] used a circular cylinder that had a build-in actuator and reac hed drag

reduction of 20%. In [12 ] they used closed-lo op con trol on a blun t trailing

edge and reac hed 10% drag reduction. In [13 ] and [14 ] they used base 
aps

with AF C and reac hed drag reduction b elo w 10%. One successful e�ort

w as done in [15 ] that ac hiev ed drag reduction of ab out 30% using steady

blo wing. This is promising result but the use of steady blo wing is energy

consuming and the net drag reduction is not that high.

Ha ving these e�orts in mind leads us to do a thorough parameter study

with optimization and use p erio dic blo wing that is m uc h more e�ectiv e than

steady blo wing with almost the same end results [16 ].

1.3 Optimization

The surrogate mo dels are adopted as optimization approac h. The sp eci�c

mo del is the p olynomial resp onse surface metho dology (RSM). The main

adv an tage of this metho d is that all candidate design can b e run parallel

in time. The mo del do es not require information b et w een the candidates

during the optimization. This is v ery useful when running exp erimen ts or

hea vy CFD computations. The c hoice of this optimization strategy is mainly

b ecause it is robust and that the aim is to �nd a region of feasible design

instead of using the usual gradien t-based lo cal minim um/maxim um seeking

optimization strategies. It is the understanding of the resp onse on eac h

parameter on the system that mak es this algorithm useful during ph ysical


uid analysis.

The idea of RSM is to build an empirical mo del of the true resp onse

surface of the system. The true resp onse surface is go v erned b y ph ysical

la ws. The obtained data from the design candidates are used to build a

mathematical b est �tting mo del. A second-order p olynomial mo del has

b een adopted in order to capture the nonlinearit y . The mo del also includes
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in teraction terms of the di�eren t parameters.

W e follo w the pro cedure in [17 ]. If the true resp onse is denoted as y , the

design parameters x

1

; x

2

; x

3

; :::; x

n

, then w e ha v e the follo wing statemen t

y = f ( x

1

; x

2

; x

3

; :::; x

n

) + � (1)

where � is all sources of errors. By using second-order RSM the regression

mo del is written as

y = �

0

+

k

X

i =1

�

i

x

i

+

k

X

i =1

�

ii

x

2

i

+

X

i<j

k

X

j =2

�

ij

x

i

x

j

+ � (2)

where � 's are the regression co e�cien ts, x

i

is the i

th

design parameter and

k is the total n um b er of design parameters. By minimizing the error using

least-square �t of the regression co e�cien ts the appro ximation of the true

resp onse ^y is

^y = b

0

+

k

X

i =1

b

i

x

i

+

k

X

i =1

b

ii

x

2

i

+

X

i<j

k

X

j =2

b

ij

x

i

x

j

(3)

The b 's are no w the least-square estimators of the regression co e�cien ts.

In order to c hec k the qualit y of the estimated regression mo del, some

statistical co e�cien ts are calculated. The co e�cien t of m ultiple determi-

nation ( R

2

) and the adjusted one ( R

2

ad j

) de�ned in equation 4 and 5 are

a measures of ho w m uc h the v ariabilit y of y is reduced using the regressor

v ariables x

1

; x

2

; x

3

; :::; x

k

. R

2

ad j

= 1 corresp onds to p erfect �t. The di�er-

ence b et w een R

2

and R

2

ad j

is that if a regressor is added to the mo del, R

2

will increase despite that the added regressor will not impro v e the mo del;

ho w ev er the R

2

ad j

will decrease. In order to increase the mo del �t and th us

increase R

2

and R

2

ad j

, it is p ossible to c hec k the individual regressors using

test statistic and reject the ones that do es not ful�l a prescrib ed criterion.

Due to lac k of time these tests ha v e not b een carried out. R

2

and R

2

ad j

are

de�ned as

R

2

= 1 �

S S

E

S S

T

(4)

R

2

ad j

=

1 � S S

E

= ( n � p )

S S

T

= ( n � 1)

(5)

S S

E

=

n

X

i =1

( y

i

� ^y

i

)

2

is the sum of square of errors, S S

T

=

n

X

i =1

( y

i

� �y

i

)

2

is

the total sum of square, n is the n um b er of observ ations and p is the n um b er

of regressors.

In order to c hec k outliers, the residuals and the studen tized residuals ( r

i

)

are analyzed. The studen tized residuals are obtained b y scaling the residuals
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in suc h a w a y to obtain constan t v ariance of eac h residual V ar ( r

i

) = 1.

Outliers ha v e b een remo v ed if j r

i

j > 3.

It is imp ortan t to c ho ose appropriate v alues of the parameters for eac h

design candidate, The metho d of the statistical appropriate c hoice for b est

�t is called \Design of Exp erimen t" (DOE). There are a lot of DOE meth-

o ds for second-order mo dels and to decide whic h one to c ho ose is problem

dep enden t. There are e.g. cen tral comp osite design (CCD), spherical CCD,

Bo x Behnk en design and face-cen tered cen tral comp osite design. Eac h de-

sign has sp eci�c adv an tage/disadv an tage considering the problem at hand.

The c hosen design is the inscrib ed cen tral comp osite design sho wn in �gure

2. It has the rotabilit y prop ert y and do es not use an y design candidate

outside the prescrib ed design space, th us it is go o d on the cen tral subset

of the design space [18 ]. The rotabilit y prop ert y ensure that if t w o design

candidates ha v e the same distance from the origin, then the predicted v alues

ha v e equal predicted v ariance N V ar [ ^ y ( x )] =�

2

. It is go o d to ha v e t w o design

spaces, one o v erall and one close to extreme lo cations. Due to lac k of time,

only one design space w as in v estigated.

Figure 2: Inscrib ed cen tral comp osite design, DOE for RSM, blue line is the

b oundary of the design space.

2 Numerical Metho d

2.1 Large-eddy sim ulation

The 
o w b ehind the truc k is unsteady and the pulsating (i.e. oscillating)

jets are used as forcing. Th us the mo deling strategy m ust b e transien t. The

mo deled actuator is v ery narro w and the excitation v elo cit y is ab out 50%
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of the free stream v elo cit y . The actuation frequency is also m uc h higher

than the Strouhal frequency . Th us �ne resolution b oth in space and time

is needed. Therefore in order to mak e accurate prediction of the turbulen t


o w, large-eddy sim ulation is used. It pro vides b oth instan taneous �eld data

and high accuracy . The Reynolds n um b er is 200 ; 000 whic h is in the range

of manageable LES. Higher Reynolds n um b er lik e full-scale 
o w w ould ha v e

enforced us to use a h ybrid LES/RANS approac h, suc h as DES. Ho w ev er a

comparison of sev eral turbulence mo dels is carried out in section 3.5.4. The

commercial Flo wPh ys v er. 2.0 soft w are is used for the computations in this

w ork. It has a semi-implicit, fractional step �nite elemen t solv er.

The �ltered Na vier-Stok es equations read

@ �u

i

@ t

+

@

@ x

j

( � u

i

�u

j

) = �

1

�

@ �p

@ x

i

+ �

@

2

�u

i

@ x

j

@ x

j

�

@ �

ij

@ x

j

(6)

where �

ij

= u

i

u

j

� �u

i

�u

i

is the sub-grid scale stresses mo deled as

�

ij

� 1 = 3 �

ij

�

k k

= � 2 �

sg s

�s

ij

(7)

where �

sg s

is

�

sg s

= ( C

S

f �)

2

p

2 � s

ij

�s

ij

(8)

and �s

ij

is

�s

ij

= 1 = 2

�

@ �u

j

@ x

j

+

@ �u

j

@ x

i

�

(9)

The Smagorinsky mo del (7) for the sub-grid scales is used with the

Smagorinsky constan t C

S

= 0 : 20. In the near-w all region (20 cm ) the �lter

width is reduced using V an Driest damping function.

f = 1 � e

� y

+

= A

+

(10)

where A

+

= 25 and y

+

is calculated b y searc hing the closest distance b e-

t w een a no de in the domain and the w all no de.

The temp oral discretization is the explicit four-step Runge-Kutta sc heme

for the con v ection terms and the Crank-Nic holson metho d for the di�usion

terms. The spatial discretization sc heme is the pure cen tral di�erence (CD).

The time-step size w as con trolled b y an adaptiv e time stepp er that k ept

the max Couran t n um b er equal to t w o. The c hec k w as done ev ery 10th time-

step. The n um b er of time-steps w as t ypically b et w een 100 000 � 200 000 and

the time-step size v aried b et w een 10

� 4

and 6 � 10

� 5

.

The forcing is mo deled as a transien t v elo cit y inlet and the go v erning

v ariables are the slot width, the v elo cit y (b oth magnitude and direction)

and the frequency . The RMS momen tum from the slot is de�ned as

J

r ms

=

Z

�u

2

r ms

dh = �u

2

r ms

� h (11)
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� h is the e�ectiv e slot width. F urther w e de�ne the momen tum-co e�cien t

as

C

� r ms

=

J

r ms

w

1

2

�u

2

1

=

u

2

r ms

� h

w

1

2

u

2

1

(12)

where w is the width of the truc k, from 12 the v elo cit y in the slot is giv en

b y

u

r ms

=

r

C

� r ms

w u

2

1

2� h

(13)

W e further assume that the forcing is pure sin usoidal i.e.

u ( t ) =

p

2 u

r ms

sin (2 � F t ) (14)

Finally w e de�ne the non-dimensional forcing frequency as

F

+

=

F � X

T E

U

1

(15)

where X

T E

is the distance from the slot to the trailing edge of the 
ap.

2.2 Computational domain

W e use a simpli�ed truc k mo del in our sim ulations. The truc k is simpli-

�ed as a rectangular blu� b o dy with t ypical width ( w = 2 : 6 m ) and length

( l = 13 : 0 m ) relev an t for a real truc k and assuming p erio dicit y in the third

direction (heigh t), i.e. the domain is three-dimensional (�gure 3 and 5). The

size of the slice is also in v estigated in order to ha v e a consisten t computa-

tional con�guration (section 3.5.1). The truc k is moun ted with angled 
aps

on the rear-end in whic h the oscillating syn thetic jet actuators are placed

(�g. 3). The actuators are mo deled as a time-v arying b oundary condition

(slot). The slot extends o v er the en tire heigh t ( z ) of the truc k.

The truc k geometry is sho wn in �gure 3 and 4. The inlet 
o w is mo d-

eled as inlet b oundary condition (BC) with prescrib ed constan t free-stream

v elo cit y , U

1

= 25 m=s . The Reynolds n um b er is reduced to 200 000 b y

increasing the viscosit y to � = 3 : 25 � 10

� 4

. The outlet BC is the standard

outlet with zero-gradien t. The side-w alls are prescrib ed frictionless w alls,

i.e. slip BC.

The computational mesh is sho wn in �gures 5, 6 and 7. The n um b er

of no des in the w ak e and the 
ap region is v ery large compared to those

in the free-stream region. The mesh size is around 1 : 4 � 3 : 3 million no des

and consist of unstructured quad elemen ts in the x � y plane and structured

quad elemen ts in the span-wise direction. The qualit y of the mesh w as v ery

high close to the w all and in the 
ap region. A t the end of the truc k side-

w alls (prior to the 
ap) max y

+

< 2, mean y

+

� 1, max � x

+

< 30, mean

� x

+

� 20, and � z

+

for the di�eren t cases are giv en in section 3.5.1.
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x

y

z

Figure 3: Simpli�ed truc k mo del. Inlet at x = � 12 w ; outlet at x = 30 w ;

slip sidew alls at y = � 8 : 5 w and y = 8 : 5 w .

a

b c d
e
f

Figure 4: Line represen tation of the truc k sho wing di�eren t parts used in

the C

P

analysis.

2.3 Pro cedure and in v estigated parameters

Sev eral parameters ha v e to b e considered in the dev elopmen t pro cess. As a

�rst step an in v estigation is done b y carrying out a large n um b er of compu-

tations and v arying the geometry of the added 
ap and go v erning v ariables

of AF C. In addition to determining 
ap angle (F A) and length (FL), the slot

width, p osition, v elo cit y amplitude, angle (SA) and frequency ha v e to b e de-

termined. W e assumed the 
ap length to b e �xed and in v estigated three 
ap

angle con�gurations. Assuming also that the slot width and p osition b eing

�xed and w ell resolv ed in eac h con�guration, sev eral v elo cit y amplitudes,

angles and frequencies of the slot are v aried in order to ac hiev e the largest

drag reduction. As a second step, optimization of these parameters is done

in order to maximize the drag reduction.

Once the optimal con�guration is found, V OL V O 3P and SKAB will in

11



Figure 5: 3D mesh of the computational domain.

Figure 6: T ruc k side mesh.

the near future man ufacture a protot yp e con�guration and mak e a full-scale

test of a truc k with the optimal AF C con�guration. The actuator that will

b e used is a simple syn thetic-jet actuator capable to pro duce C

�

= 1 : 0%

[19 ].
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(a) Mesh around the W ak e

(b) Mesh around the 
ap

Figure 7: 2D slice of the prop osed no v el rear-end of trailer, geometry and

mesh.
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3 Results

The follo wing results are a comparison of the unforced and the forced case.

The unforced one is denoted as \AF C OFF" and the forced one as \AF C

ON". The sp eci�c forced case c hosen is one that has sho wn maximal drag

reduction compared with the unforced one. As men tioned in section 1.3

sev eral h undreds of cases w ere prepared, run and �nally optimized. The case

that sho w ed lo w mean drag and reasonable RMS of drag w as c hosen. The

sp eci�cations of the c hosen case are listed in table 1. The slot width is set to

� h = 5 cm whic h means that C

�

= 1 : 0% corresp onds to u

r ms

� 13 : 0 m=s ,

see eq. 13 . The lo cation of the slot is at the upp er edge of the 
ap. The

span-wise domain size is 0 : 4 m with 16 cell la y ers whic h corresp onds to

max � z

+

= 130 and mean � z

+

= 100. Both the instan taneous and time

a v eraged quan tities are plotted at three regions of in terest: A general plot

of the whole truc k with upstream and do wnstream regions, w ak e region plot

and �nally 
ap region plot. FL, F A, and SA denote 
ap length, 
ap angle

and slot angle resp ectiv ely . SA is de�ned relativ e to the 
ap surface.

AF C parameter V alue

FL 0 : 75 m

F A 30 deg

SA 15 deg

C

�

1 : 0 %

F

+

0 : 3

T able 1: Sp eci�cations of the forced case

3.1 Instan taneous 
o w

The instan taneous c haracteristics of the 
o w are of high imp ortance to in-

v estigate in activ e 
o w con trol. W e ha v e c hosen to study the instan taneous

pressure, v elo cit y and streamlines at a sp eci�c instan t with lo cally in terest-

ing 
o w features. W e exp ect that the 
o w for the unforced case is separated

from the 
ap surface b ecause the 
ap angle is high enough. F urthermore

the separation will dev elop a strong v ortex shedding b ehind the rear-end

of the truc k. Instan taneously , eac h dev elop ed v ortex will sho w up as a for-

w ard mo ving lo w pressure region as sho wn in �gure 8(a). W e also notice the

strong high pressure at the fron t region of the truc k and the separated 
o w

at the curv ature at the in tersection of the fron t and the sides of the truc k

that is eviden t in b oth �gures 8(a) and 8(b).

In �gure 8(a) w e can also see that the pressure on the upp er 
ap is lo w

due to the rev ersed 
o w in the separation bubble. The w ak e region is zo omed

in �gure 9. It is clear that the lo w pressure region do wnstream the 
ap is

suppressed in the forced case (�gure 9(b)). W e also notice that a smaller

14



lo w-pressure region is created at the slot lo cation at whic h the actuation

tak es place. W e also notice that small v ortices are created b y the actuation

whic h can b e seen at the lo w er 
ap in �gure 9(b). These small v ortices

ha v e also b een noticed b y [6 ] who did an exp erimen t on 
o w separation and

reattac hmen t b y AF C on a 
ap, de
ected at angles larger than the natural

separation angle. The Reynolds n um b er w as R e = 1 : 65 � 10

5

whic h is of same

order as in the presen t w ork. The separation from the 
ap surface is also

sho wn in b oth �gures 10 and 11 where the instan taneous v elo cit y con tours

are plotted. F or the forced case it can b e seen that the w ak e has b een smaller

and the v ortex-shedding w eak er. The instan taneous 
o w is reattac hed on

the 
ap surface for the forced case (�gure 11(b)).

This conclusion is also con�rmed b y �gure 12 and 13 where the instan ta-

neous streamlines are plotted. The 
o w is reattac hed and the small v ortices

created b y the actuation can b e seen at the do wnstream edge of upp er 
ap

in �gure 13(b). No w the lo cation has b een mo v ed further do wnstream the


ap surface. W e conclude that these v ortices, created b y the actuation, are

mo ving do wnstream the 
ap surface and create a shear la y er in the w ak e

region that mak es the v ortex-shedding w eak er and prev en ts the in teraction

b et w een the naturally created shear-la y ers formed at the upp er and lo w er

edges. These v ortices are furthermore mo ving do wnstream in the w ak e re-

gion with successiv ely increasing size as sho wn in �gure 12(b), destro ying

the lo w-pressure dominan t w ak e structure and yielding pressure reco v ery .

The actuation, b y its blo wing and suction, is re-energizing the b oundary

la y er that is to separate, and in teracts with the am bien t 
o w to in tro duce

v ortices that rolls do wn the 
ap surface. When the 
o w remains reattac hed

on the 
ap surface, the w ak e size is narro w ed.

15



(a) AF C OFF

(b) AF C ON

Figure 8: Instan taneous pressure con tours. Note the large lo w-pressure

region do wnstream the upp er 
ap in (a) and ho w it is suppressed b y AF C

in (b).

(a) AF C OFF (b) AF C ON

Figure 9: Instan taneous pressure con tours, zo om of the w ak e.
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(a) AF C OFF (b) AF C ON

Figure 10: Instan taneous u -v elo cit y con tours, zo om around w ak e region.

(a) AF C OFF (b) AF C ON

Figure 11: Instan taneous u -v elo cit y con tours, zo om around 
ap region.

(a) AF C OFF (b) AF C ON

Figure 12: Instan taneous streamlines, zo om around w ak e region.
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(a) AF C OFF

(b) AF C ON

Figure 13: Instan taneous streamlines, zo om around 
ap region.
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3.2 Time-a v eraged 
o w and w ak e structure

The e�ect of the actuation is further studied b y time-a v eraged 
o w quan ti-

ties. Pressure, U -v elo cit y , streamlines and v orticit y are in v estigated. F ur-

thermore in order to study the lev el of activit y in the w ak e, i.e. the strength

of the v ortex-shedding, the RMS of pressure is plotted for di�eren t regions.

In �gure 14 the time-a v eraged pressure is plotted. With AF C o�, w e

notice the exp ected large lo w-pressure region b ehind the truc k caused b y

the strong v ortex-shedding. A lo w pressure region is also found at the fron t

curv ature denoted as b in �gure 4. The lo w-pressure region b ehind the truc k

is almost totally suppressed b y AF C in �gure 14(b). The w ak e region is

zo omed in �gure 15. Here w e also notice, for the unforced case, the lo w

pressure region on the 
ap. This region is ho w ev er adv anced upstream in

the forced case. W e conclude that b y AF C a lo w pressure region is created

at the slot lo cation that suc ks the 
o w on to the 
ap surface.

In �gure 16 the time-a v eraged streamlines are plotted. It is clear that

the w ak e structure is a�ected in the forced case. The w ak e region is further

zo omed in �gures 17 and 18. W e notice the smaller w ak e structure of the

forced case b oth in �gures 17(b) and 18(b). The w ak e is narro w ed and has

shorter distribution in the free-stream direction.

In �gures 19 and 20 the 
ap region is featured. It is clear that the time-

a v eraged 
o w is en tirely reattac hed b y activ e 
o w con trol. F urthermore

the 
o w coming from the bac k-side of the truc k, up to the 
ap surface, as

rev ersed 
o w is prev en ted b y the reattac hed streamlines. This is one of the

reasons wh y the in teraction of the lo w er and upp er shear-la y ers is prev en ted.

The time-a v eraged v orticit y is in v estigated in �gure 21 and 22. The lat-

ter one is plotted with mean v elo cit y v ectors. It is clear that the 
o w on

the upp er symmetric half of the truc k pro duces negativ e v orticit y and on

the lo w er half, p ositiv e v orticit y as sho wn in �gure 21. F rom �gure 22 w e

can dra w sev eral conclusions: �rst w e recognize the separation region in the

unforced case, sho wing b oth p ositiv e and negativ e v orticit y , w e also notice

the strong p ositiv e v orticit y ev olving from the end of the 
ap. The forced

case in �gure 22(b) sho ws that the negativ e v orticit y has b een mo v ed closer

to the 
ap surface and the p ositiv e v orticit y (i.e. recirculation) suppressed

almost en tirely . The negativ e v orticit y on the forced case con�rms our pre-

vious discussion ab out the v ortices created b y the actuation and rolls do wn

the 
ap surface.

One of the most in teresting plots is the RMS of pressure in �gure 23.

This plot sho ws that the e�ect of AF C is not only a�ecting the w ak e 
o w, but

to small exten t, also the upstream 
o w. W e notice that the RMS pressure

has b een increased at lo cation b and decreased at c (see �gure 4). This has

not b een sho w ed b y an y plot previously discussed. W e also notice the great

suppression of P

RM S

in the w ak e region (�gure 24). This causes the w ak e

structure to b e less in tensiv e and decreases the lev el of turbulence. A closer
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lo ok at the 
ap region w e also conclude that the actuation is increasing the

turbulence on the 
ap surface in order to reattac h the 
o w. The actuation

lo cation itself is featured b y increased RMS pressure. The conclusion is that

the unforced case is c haracterized b y a highly turbulen t and in tensiv e w ak e

but the forced one b y lo w lev el of turbulence in the w ak e, forcing mak es the

w ak e less in tensiv e and increases the turbulence at the 
ap surface in order

to reattac h the 
o w.

(a) AF C OFF

(b) AF C ON

Figure 14: Time-a v eraged pressure con tours. Observ e the large lo w-pressure

region in (a) and ho w it is suppressed b y AF C in (b).
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(a) AF C OFF (b) AF C ON

Figure 15: Time-a v eraged pressure con tours, zo om of the w ak e.

(a) AF C OFF

(b) AF C ON

Figure 16: Time-a v eraged v elo cit y streamlines.
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(a) AF C OFF (b) AF C ON

Figure 17: Time-a v eraged x-v elo cit y con tours, zo om of the w ak e.

(a) AF C OFF (b) AF C ON

Figure 18: Time-a v eraged v elo cit y streamlines, zo om of the w ak e.

(a) AF C OFF (b) AF C ON

Figure 19: Instan taneous streamlines, zo om around 
ap region.
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(a) AF C OFF (b) AF C ON

Figure 20: Time-a v eraged v elo cit y streamlines, zo om around 
ap region.

(a) AF C OFF

(b) AF C ON

Figure 21: Time-a v eraged v orticit y con tours.
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(a) AF C OFF

(b) AF C ON

Figure 22: Time-a v eraged v orticit y con tours and v elo cit y v ectors, zo om

around 
ap region.
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(a) AF C OFF

(b) AF C ON

Figure 23: RMS of pressure con tours.

(a) AF C OFF (b) AF C ON

Figure 24: RMS of pressure con tours, zo om of the w ak e.
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(a) AF C OFF

(b) AF C ON

Figure 25: RMS of pressure con tours, zo om around 
ap region.
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3.2.1 Surface pressure distribution

All lo cation lab els referred to �gure 4. In order to further study the in
uence

of AF C on the truc k b o dy , the surface pressure distribution and its RMS are

plotted in �gures 26 and 27. W e are actually only in terested in the pro jection

of the pressure load in the x -direction b ecause this is what con tributes to the

drag force. As sho wn in �gure 26(b) the impinging lo cation at the symmetry

line is almost C

P

= 1 as exp ected. The small discrepancy is mainly b ecause

the upstream domain is not large enough. C

P

is then b ecoming negativ e

at the curv ature b and C

p;x

is exact zero on the side surface c . On the 
ap

surface d the forced case is sho wing lo w er C

P

at the slot lo cation. Ho w ev er

C

P

increases along the 
ap surface and also on the rear-end of the truc k at

f . W e notice that the main di�erence of the forced and unforced case is at

surface f . The conclusion is that the pressure is here reco v ered b y the AF C

that minimizes the pressure di�erence b et w een the fron t and bac k and th us

decreases the total drag of the truc k.

The surface distribution of RMS pressure is plotted in �gure 27 together

with the pro jected RMS pressure load in the x -direction. W e recognize the

decreased RMS in region c as discussed in section 3.2. F urthermore it is clear

that the actuation is increasing the RMS at surface d but on the rear-end at

f the RMS is decreased as exp ected. The less in tensiv e w ak e in the forced

case is a�ecting the rear truc k surface.
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(a) Pressure co e�cien t.
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(b) Pro jected pressure load in the x -

direction.

Figure 26: Mean C

P

and pro jected mean pressure load in the x -direction

( C

P ;x

) of the upp er half truc k surface (symmetry). : AF C OFF; :

AF C ON
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(a) RMS of Pressure.
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(b) Pro jected RMS of pressure load in

the x -direction.

Figure 27: RMS C

P ;RM S

and pro jected RMS pressure load in the x -direction

( C

P x;RM S

) of the upp er half truc k surface (symmetry). : AF C OFF;

: AF C ON

3.3 Aero dynamic forces

In �gure 28(a) the drag history for b oth the forced and the unforced case

is plotted. It is clear that the forced case sho ws lo w er drag at ev ery instan t

when the 
o w has reac h fully dev elop ed conditions. W e can also conclude

that the drag reduction pro cess is done in t w o steps. Initially , as sho wn in

the �gure, when AF C is applied, the drag decreases a large deal (at t = 2 s )

b efore the forced 
o w reac hes fully conditions. What probably happ ens is

that the 
o w reattac hes when momen tum 
ux is added and remo v ed to the


o w via the oscillating jet. Later the forcing creates the v ortices that rolls

do wn the 
ap and main tain the 
o w reattac hed o v er the whole 
ap surface,

k eeping the drag at lo w er lev el than the unforced case.

In �gure 28(b) the p o w er sp ectral densit y of the drag signal is plotted.

W e notice the v ortex shedding frequency in b oth the unforced and forced

case with one di�erence. The p eak of the forced case has b een reduced

compared to the unforced case. This con�rms our previous discussion that

the in tensit y of the w ak e is reduced b y AF C. The lo cation of these p eaks are

at F requency 0 : 98 H z whic h corresp onds to Strouhal n um b er of S t = 0 : 1.

This is in go o d agreemen t with measuremen ts done on rectangular cylinders

[20 ]. In [20 ] they measured the Strouhal n um b er of rectangular cylinders

of di�eren t B =H as a function of Reynolds n um b er. F or R e = 2 � 10

4

and

B =H = 4 the Strouhal n um b er is S t = 0 : 12. The presen t truc k mo del has

B =H = 5 at R e = 2 � 10

5

. W e further notice the high p eak at 10 H z that

corresp onds to the actuation frequency . The in tensit y of the p eak is high

and due to this, w e notice the high RMS drag of the forced case in �gure
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28(a).
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Figure 28: Drag history and its FFT, : AF C OFF; : AF C ON.

C

AF C O F F

D

= 0 : 76; C

AF C O N

D

= 0 : 57. One time unit, w =U

1

, corresp onds to

0 : 1 s .

3.4 Optimization

Fiv e parameters w ere included in the optimization pro cedure, see table 2.

The design space w as c hosen with kno wledge gained from the large n um b er of

runs done in the �rst part of this w ork. Note that 10 < F < 25 corresp onds

to 0 : 3 < F

+

< 0 : 7 when F L = 0 : 75 m . When F

+

= 1 one v ortex tra v els with

free-stream v elo cit y to the trailing edge of the 
ap b efore the next v ortex is

generated. By using the inscrib ed cen tral comp osite design as DOE with one

cen tral p oin t, w e ha v e totally 27 cases to b e run plus 9 cases without AF C.

The n um b er of unforced cases is determined b y eac h con�guration that needs

to ha v e a geometrical mo di�cation. In this case only t w o parameters need

geometrical mo di�cation, namely FL and F A. The n um b er of regressors is

1 + 2 k + k ( k � 1) = 2 = 21 ; ( k = 5). The statistics of the �tted surface is found

in table 3. The residuals and the studen tized residuals are plotted in �gure

29. One outlier w as remo v ed from the design space due to high studen tized

residual; also R

2

ad j

increased.

Figure 30 sho ws con tour plots of the resp onse surface plotted against t w o

parameters eac h. The rest of the parameters w ere held constan t. In order

to searc h the minim um lo cation, the gradien t and all the b oundaries of the

design space should b e c hec k ed. The minim um w as found on a b oundary and

corresp onds to the follo wing parameters in table 4. The optimal drag v alue

w as found to b e 0 : 28 whic h corresp onds to 63% drag reduction compared

with no AF C.
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AF C parameter Min v alue Max v alue

FL 0 : 3 m 0 : 75 m

F A 10 deg 35 deg

SA 15 deg 35 deg

C

�

0 : 1 % 1 : 0 %

F 10 H z 25 H z

T able 2: Sp eci�cations of the parameter space for optimization.

R

2

R

2

ad j

�

2

0 : 96 0 : 80 4 : 9 � 10

� 5

T able 3: Statistics of the �tted resp onse surface
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residuals

Figure 29: Residuals of the �tted resp onse surface.

AF C parameter Optimal v alue

FL 0 : 6 m

F A 35 deg

SA 10 deg

C

�

1 : 0 %

f 25 H z

T able 4: P arameter v alues of optimal design.

By considering the plots in �gure 30 it is clear that a region of feasible

designs could b e de�ned. In �gure 30(b), mean drag is plotted v ersus FL

and F A. W e conclude that the length of the 
ap should b e larger than 0 : 5 m

and the 
ap angle larger than 30 deg . W e also conclude that AF C can

increase the drag of a truc k if inappropriate v alues are c hosen. In �gure
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30(d) w e conclude that the in
uence of the slot angle is small. It is also

clear from �gure 30(f ) that C

�

should b e ab o v e 0 : 8 % and F large. The

ph ysical in terpretation of these result is that w e need a high F A and FL in

order to minimize the w ak e size. The blo wing stren th C

�

should b e high in

order to a�ect the 
o w and create the v ortices and the frequency at 25 H z

corresp onds to F

+

= 0 : 6, i.e. close to one v ortex tra v elling along the 
ap

surface b efore the next one is created.

3.5 Uncertain t y issues

3.5.1 Span-wise domain size and grid dep endence

In order to ha v e consisten t span-wise domain size a comparison of C

D

of

the unforced and forced case is done. The case sp eci�cations and mean C

D

are listed in table 5 and the C

D

history for the unforced case are plotted in

�gure 31.

Case # Domain size # cells C

D

AF C O F F

C

D

AF C O N

� C

D

1 0 : 1 m 8 0 : 73 0 : 61 0 : 11 ! 16%

2 0 : 2 m 8 0 : 86 � �

3 0 : 2 m 16 0 : 96 0 : 55 0 : 41 ! 43%

4 0 : 4 m 16 0 : 76 0 : 57 0 : 19 ! 25%

5 0 : 4 m 32 0 : 97 0 : 71 0 : 27 ! 27%

6 0 : 8 m 32 0 : 71 0 : 50 0 : 20 ! 29%

7 1 : 0 m 40 0 : 72 0 : 54 0 : 18 ! 25%

T able 5: Sp eci�cations of the span-wise domain sizes and corresp onding

mean drag. Max � z

+

� 130 and mean � z

+

= 100 for lo w resolution. Max

� z

+

� 60 and mean � z

+

= 50 for high resolution. 80 000 cells are used in

the x � y plane, same as section 3.1-3.3

It is clear from the table and plots that the C

D

RMS 
uctuations are

damp ed b y increasing the size of the domain and decreasing the resolution,

e.g. compare dz = 0 : 1 m = 8 l ay er s with dz = 0 : 2 m = 16 l ay er s and

dz = 0 : 2 m = 8 l ay er s with dz = 0 : 2 m = 16 l ay er s in �gure 31(a). W e can also

notice this tendency in �gure 31(b) b y comparing dz = 0 : 4 m = 16 l ay er s with

dz = 0 : 4 m = 32 l ay er s and dz = 0 : 4 m = 16 l ay er s with dz = 1 : 0 m = 40 l ay er s

whic h has the same resolution. The e�ect of span-wise size and resolution

on the time-a v eraged drag seems to b e the same with forcing as without.

In �gure 32 the drag history for the unforced and forced case are plotted

for cases 1, 3, 6 and 7. It is clear ho w the RMS of drag is reduced b y

increasing the size of the domain. The drag reduction is ob vious for all

cases and the RMS of drag decreases b y increasing the domain size. W e

exp ect that the in tensit y of the forcing p eak that app eared in �gure 28(b)

will decrease b y increasing the domain size. W e conclude that the c hoice of

31



domain size is of high imp ortance in AF C sim ulations. When the domain

size is small the 
o w b ecomes to o t w o-dimensional and the RMS of the drag

increases. Increasing the domain size, the three-dimensionalit y of the 
o w

increases and the 
o w will b e less sensitiv e to forcing b y AF C.

3.5.2 Only blo wing

An actuator w as tested exp erimen tally for the purp ose of drag reduction

on truc ks sho w ed less go o d abilit y to suc k 
o w compared to its abilit y of

blo wing [19 ]. Therefore AF C with only blo wing instead of blo wing and

suction w as in v estigated. Ev erything w as held constan t and the v elo cit y

amplitude w as manipulated as sho wn in �gure 33. The maxim um v elo cit y

is k ept b y taking half of the original v elo cit y amplitude and shifting the

signal so that no suction is done and the lo w est v elo cit y b ecomes zero. The

new AF C v elo cit y signal is U

new

( t ) = 0 : 5 A

or g

sin ! t + 0 : 5 A

or g

and plotted

in �gure 33(a). The results in �gure 33(b) are promising. It seems that

blo wing is enough to reac h the desired drag reduction. W e also notice that

the RMS of the drag has b een reduced substan tially while the new drag is

follo wing the tendency of the old drag.

This result is of high imp ortance considering the functionalit y of a v ailable

actuators. When doing exp erimen tal w ork, other actuators than blo wing

and suction ones can b e used, e.g. pulsed jet actuators.

3.5.3 Slot lo cation dep endence

There will b e some problems man ufacturing an actuator device for existing

trailers. It is quite imp ossible to k eep the actuators exactly at the edge

connecting the rear-end of the trailer and the leading edge of the 
ap. F or

that purp ose, t w o cases w ere run in v estigating the p ossibilit y to mo v e the

slot lo cation 5 � 10 cm do wnstream of the upstream edge of the 
ap. In

�gure 34(a) the drag history of lo cation 2 and 3 corresp onding to 5 cm and

10 cm resp ectiv ely . The time-a v eraged drag are plotted in �gure 34, where

� l is the distance b et w een the upstream edge of the 
ap and 
ap and F L

is the 
ap length. The original lo cation corresp onds to � l =F L = 1.

It is clear that the slot lo cation within 10 cm deviation from the corner

of the truc k will not a�ect the ac hiev ed drag reduction.

3.5.4 T urbulence mo deling issues

The �rst author has sup ervised a bac helor thesis w ork [21 ] with the aim

to c hec k the turbulence mo deling dep endence on the AF C and predicted

drag b oth on the iden tical �ne mesh and a coarse one with w all-functions.

The ST AR-CCM+ soft w are w as c hosen to in v estigate URANS and DES

mo dels compared with LES. S pal ar t � Al l mar as , k � � and k � ! S S T w ere

in v estigated together with D E S S pal ar t � Al l mar as and D E S k � ! S S T .
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The predicted mean drag is found in table 6. V elo cit y and RMS of pressure

pro�les w ere also in v estigated at di�eren t p ositions on the 
ap with and

without AF C, and t w o of them are plotted in �gure 35.

T urbulence Mo del C

D

C

D

AF C ON Reduction [%]

LE S (presen t) 0 : 72 0 : 54 25%

D E S � S A 0 : 76 0 : 62 18%

D E S � k � ! S S T 0 : 76 0 : 65 14%

S pal ar t � Al l mar as 0 : 48 0 : 27 45%

k � � 0 : 54 0 : 32 40%

k � ! S S T 0 : 74 0 : 65 13%

T able 6: Mean drag for di�eren t turbulence mo dels, �ne mesh.

T urbulence Mo del C

D

AF C OFF C

D

AF C ON Reduction [%]

D E S � S A 0 : 38 0 : 31 18%

D E S � k � ! S S T �� �� ��

S pal ar t � Al l mar as 0 : 44 0 : 39 11%

k � � 0 : 41 0 : 43 � 4%

k � ! S S T 0 : 41 0 : 46 � 11%

T able 7: Mean drag for di�eren t turbulence mo dels, coarse mesh.

The �ne mesh results in table 6 sho w that the b oth the D E S mo dels

predicts the unforced case w ell compared to LE S . k � � and S pal ar t �

Al l mar as fail and under-predict b y appro ximately 30%. Ho w ev er k � ! S S T

sho ws go o d agreemen t with D E S and LE S . None of the D E S mo dels

predict the full e�ect of AF C. The drag for the forced case is o v erpredicted

b y all the mo dels that sho w ed go o d prediction of the unforced case. The

e�ect of AF C is captured b y the U R AN S mo dels but the lev el of the drag

v alue is underpredicted a great deal. The coarse mesh result sho w that

the e�ect of AF C still is captured b y the D E S . The U R AN S mo dels fail.

S pal ar t � Al l mar as captured a marginal e�ect. Considering the v elo cit y

pro�les in �gure 35(a) and 35(b) it is clear that all the mo dels predicts the

separation on the 
ap surface but none of the U R AN S mo dels predicted

the fully attac hed 
o w at x=W = 5 : 2. The upstream and do wnstream edges

of the 
ap are lo cated at x=w = 5 : 0 and x=w = 5 : 25 resp ectiv ely . The

RMS of the pressure pro�les are plotted in �gure 35(c) and 35(d). None

of the U R AN S mo dels predicts the pro�le for the unforced case whereas

D E S � k � ! S S T predicts the pro�les w ell. Both S pal ar t � Al l mar as and

k � � o v erpredicts the increased RMS at x=w = 5 : 2. The D E S mo dels is in

b etter agreemen t b oth considering the shap e of the pro�les and the order of

magnitude of the RMS of pressure.
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Figure 32: Drag history for di�eren t span-wise domain sizes, : AF C

OFF; : AF C ON
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Figure 35: Mean v elo cit y and RMS of pressure pro�les with di�eren t turbu-

lence mo dels, o : LE S ; � : D E S k � ! S S T ; � : D E S S pal ar t �

Al l mar as ; : k � � ; : k � ! S S T ; : S pal ar t � Al l mar as
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4 Conclusions

A no v el rear-end of truc k-trailer is prop osed, reducing the drag b y 30% or

more. Sev eral h undred of large-eddy sim ulation cases w ere carried out with

and without AF C and �nally an optimal case is found using resp onse surface

metho dology . The drag reduction is com�rmed b y sev eral 
o w ph ysical

analysis comparing the instan taneous and time-a v eraged 
o w �eld b et w een

the unforced and the forced case.

The instan taneous c haracteristics of the unforced case w ere found to

t ypical of blu� b o dy 
o ws with strong global v ortex-shedding and rev ersed


o w on the 
aps due to higher 
ap angle than the natural separation angle.

The forced case has w eak er v ortex shedding and small v ortices w ere observ ed

on the 
ap surface, created b y the actuation. These v ortices are mo ving

do wnstream the 
ap surface, creating a shear la y er in the w ak e that prev en ts

the in teraction b et w een the naturally created shear-la y ers on the upp er and

lo w er edges.

The unforced case has large time-a v eraged lo w-pressure region in the

w ak e and on the 
ap surface, yielding large w ak e structure with high in-

tensit y and large mean drag. The 
ap region of the unforced case has a

separated 
o w region whereas the actuation forced the time-a v eraged 
o w

to sta y attac hed. There is a great suppression of RMS of pressure in the

w ak e due to AF C that decreases the lev el of v ortex shedding in the w ak e and

mak es the w ak e less in tensiv e. Ho w ev er the RMS of pressure w as increased

on the 
ap surface with actuation whic h created a strong lo w-pressure region

at the leading edge of the 
ap whic h mak es the 
o w to sta y attac hed.

The lo w drag of the forced case is due to the increased base pressure at

the rear-end of the truc k, sho wn b y the C

p

analysis. The v ortex-shedding

frequency w as in go o d agreemen t with exp erimen tal results [20 ]. The actua-

tion frequency w as observ ed in the frequency analysis of drag history whic h

also sho w ed that the in tensit y of the v ortex-shedding w as decreased due to

AF C.

The optimization pro cedure using RSM de�ned a feasible region of the

parameter v alues go v erning 
ap geometry and AF C v ariables. The 
ap

length and angle should b e larger than 0 : 5 m and 30 deg resp ectiv ely . The

slot angle has to b e b et w een S A = 10 � 25 deg , C

�

should b e ab o v e 0 : 8 %

and the frequency f b et w een 10 � 25 H z . The optimal case w as found to

ha v e drag of 0 : 28 whic h corresp onds to 63% drag reduction.

By using p erio dic blo wing as actuation instead of p erio dic blo wing and

suction, the RMS of drag w ere strongly reduced and the drag reduction b y

the blo wing and suction w as not a�ected. The slot lo cation can b e mo v ed

up to 10 cm from the corners of the truc k without a�ecting the ac hiev ed

drag reduction. The span-wise domain and mesh resolution w ere also in-

v estigated. The RMS of drag w as decreased with larger span-wise domain

size and lo w er mesh resolution. The 
o w b ecomes more t w o-dimensional
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when the domain size is small and the three-dimensionalit y and the e�ect

of AF C is m uc h more clear in large domains. The ac hiev ed drag reduction

is consisten t with di�eren t span-wise domain sizes.

Both D E S k � ! S S T and D E S S pal ar t � Al l mar as predicted the drag

of the unforced case w ell. The e�ect of AF C w as somewhat under-predicted.

URANS mo dels failed to predict the drag b oth for the forced and unforced

case. k � ! S S T w as promising on the �ne mesh but completely failed to

predict the e�ect of AF C on the coarse mesh.
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