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1 Introdu
tion1.1 Ba
kgroundThe aerodynami
s of today's tru
ks is far from optimal. While vehi
le man-ufa
turers of personal 
ars develop their sophisti
ated models that are de-signed for low fuel 
onsumption so is the rear end of all tru
ks in prin
iplesquared with four perpendi
ular 
orners. Tru
k manufa
turers around theworld have begun to realize the great need that exists to redu
e fuel 
on-sumption and improve environmental performan
e of tru
ks. In order todevelop more environmentally friendly vehi
les to meet the growing envi-ronmental requirements, the harder international 
ompetition within theheavy-vehi
le industry and the still in
reasing fuel pri
es, one has to in-
lude and 
onsider the trailer in the aerodynami
 design development [1℄and implement advan
ed a
tive 
ow 
ontrol te
hniques.Most of the drag on a tru
k is 
aused by the wake behind the trailerwhi
h is 
alled the base drag. It is introdu
ed due to the sharp edges onthe rear-end where the 
ow naturally separates. This e�e
t gives rise to alarge low-pressure region and thus in
reases the pressure di�eren
e betweenthe front and ba
k. The large low-pressure region a
ts as a for
e that su
ksthe whole tru
k ba
kwards. An e�e
tive way to in
rease the pressure on theba
k is by introdu
ing angled 
aps. By introdu
ing the 
aps at an angleless than the natural separation angle, the wake be
omes narrower whi
hde
reases the base drag. If the angle is in
reased, the base drag in
reasesagain. The idea is now to further de
rease the base drag by atta
hing the
ow onto the 
ap surfa
e again. The atta
hment pro
ess is done using a
tive
ow 
ontrol (AFC). The idea of using 
aps and reatta
hing the separated
ow is in line with resear
h with su

essful results on tilt-rotor air
raftsdone by the authors in [2, 3℄ that was a 
ontinuation from previous resear
h[4, 5, 6℄.Two main 
ow physi
al goals are expe
ted from this te
hnique. The �rstone is to narrow the size of the wake by atta
hing the separated 
ow andthe se
ond is to make the wake less intensive. The former one is a
hieved bythe introdu
tion of 
aps at high angle at the rear-end and reatta
hing thenaturally separated 
ow onto the 
ap surfa
e. The reatta
hment pro
ess isdone by the in
reased level of turbulen
e 
lose to the separation point thatre-energizes the weak boundary layer, that is to separate. The latter one isa
hieved by the 
reation of small vorti
es, that are generated by the blowingand su
tion of the AFC, and whose intensity in
reases downstream. Thesevorti
es develop a shear layer that destroys the dissipative wake stru
tureand makes the wake less intensive.
3



1.2 Flow 
ontrolFlow 
ontrol is probably the hottest resear
h area in 
uid me
hani
s. To beable to manipulate a 
ow �eld in order to a
hieve desired engineering ben-e�
ial results seems to be the way to meet today's demands in 
ompetitiveand eÆ
ient solutions for the automotive industry.\The pro
ess or operation by whi
h 
ertain 
hara
teristi
s of agiven 
ow are manipulated in su
h a way as to a
hieve improve-ments of a spe
i�
 te
hni
al performan
e."(Fiedler [7℄).This de�nition gives a good des
ription of the �eld of 
ow 
ontrol. To-day, the demands in environmental friendly, e
onomi
al and eÆ
ient vehi
lesare one of the driving for
es for the developments in this hot �eld. The birthof this �eld s
ienti�
ally goes ba
k to 1904 when Prandtl presented his work\On Fluid Motion with Very Small Fri
tion" at the Third InternationalCongress of Mathemati
ians held at Heidelberg, Germany. The boundary-layer theory was introdu
ed and 
ontrolled a
tively by su
tion in order todelay separation on a surfa
e of a 
ylinder. The advan
ement in this �eldwas rapid during the Se
ond World War and the 
old war. The needs of ef-�
ient, 
ompetitive and fast air
rafts, missiles and other military equipmentwhi
h in
ludes 
uid dynami
s were not targeted without the use of 
ow
ontrol strategies. Some of the advan
ements in
lude delaying transition inlaminar 
ows to a
hieve drag redu
tion. Civilian interest of 
ow 
ontrolgrew in 
onne
tion with the energy 
rises 1973 where the goal was to 
on-serve energy by e.g. redu
ing drag for 
ivilian air, sea and land vehi
les. Bythe use of 
omputational 
uid dynami
s more appli
ations of 
ow 
ontrolhas been investigated toward optimal design targets. This in
ludes rea
tive
ontrol strategies and the developments of mi
ro ele
trome
hani
al systems(MEMS) [8℄.There are di�erent views of how to 
lassify 
ow 
ontrol strategies [8℄.The most 
ommon one is by 
onsidering the energy input into the system,as shown in Figure 1(a). If no energy is used while 
ontrolling the 
ow, the
ow 
ontrol is passive and by the use of energy the 
ow 
ontrol be
omesa
tive.1.2.1 Passive and A
tive Flow ControlPassive 
ow 
ontrol is a
hieved by geometri
al modi�
ations or additionalgeometri
al 
on�gurations in order to 
ontrol the 
ow or to generate a de-sired behaviour. Vortex generator is a typi
al example of passive 
ow 
ontrolwhere a small vane 
reates a vortex. It is used on airplanes to delay sepa-ration at the 
ost of in
reasing the drag. The introdu
tion of 
aps in thiswork is a kind of passive 
ow 
ontrol, the idea is to narrow the size of thewake by maintaining the 
ow reatta
hed on the 
ap surfa
e.4
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(b) Classi�
ation of a
tive 
ow 
ontrol.Figure 1: Classi�
ation diagram of 
ow 
ontrol methods.A
tive 
ow 
ontrol is further 
lassi�ed in predetermined and rea
tive
ontrol. The predetermined 
ase is also 
alled an open-loop a
tive 
ow
ontrol. Here predetermined energy is used as input without measuring anyquantity in the 
ow �eld. A typi
al devi
e is an a
tuator with a me
hani
almotion in order to 
ontrol the 
ow. The e�e
t is linear or periodi
 ex
itationof 
ow in desired regions. Figure 1(b) shows this 
lassi�
ation. Rea
tive 
ow
ontrol is when the state of a variable is measured and used in the 
ontrolpro
ess. Rea
tive 
ow 
ontrol 
an be divided into two 
ases depending onwhi
h variable is measured. If the measured variable is also the 
ontrolledone, the rea
tive 
ontrol is a 
losed feedba
k loop 
ontrol, otherwise it is anopen feed-forward one.In this work, predetermined a
tive 
ow 
ontrol is used. This 
hoi
e isbased on several basi
 prin
iples. It is mu
h easier to start an investigationby predetermined 
ontrol. If there is no potential net e�e
t, then feedba
k
ontrol 
an be the next step. If there is an e�e
t, feedba
k 
ontrol 
an bethe next step to further improve the 
ow 
ontrol. We also assume that ingeneral the tru
ks are driven at 
onstant velo
ity magnitude at highways, inSweden around 90 km=h. Thus there is less need to have feedba
k 
ontrolif the tru
k velo
ity is 
onstant. However the weather (e.g. side-winds) willprobably a�e
t the desired 
ontrol but su
h 
onsiderations is out of the s
opeof this work yet. Future work will probably in
lude su
h investigations.The engineering end-results e.g. drag redu
tion or redu
ing noise levels,is a 
onsequen
e of the strategies in 
ontrolling the 
ow. Flow 
ontrol is usedto delay or advan
e transition, prevent or provoke separation and suppress orenhan
e turbulen
e. In this work, 
ow 
ontrol is used to enhan
e turbulen
eon the 
ap surfa
e whi
h in turn delays the separation and �nally redu
ethe size of the wake and the level of turbulen
e in the wake. It is not alwaysobvious whi
h strategy to use in order to 
ontrol the 
ow. There are alwaysbi-e�e
ts whi
h one has to deal with to get the desired result. The a
tuators5



will e.g. in
rease the level of noise that 
ould be disturbing for passenger
ars behind the tru
k; the tru
k driver will probably not hear the in
reasedlevel of noise regarding that the length of the tru
k is over 13 m.1.2.2 Other e�ortsSeveral e�orts have been 
arried out in order to minimize the base drag ontru
ks. Both pure passive and 
ombined with a
tive 
ow 
ontrol strategies.The investigations in [9℄ and [10℄ both used passive devises mounted at therear-end of the trailer. In [9℄ a drag redu
tion of 15% was rea
hed by usingbase 
aps in
lined at 15Æ. In [10℄ they tried with vortex generators, base
aps and boattail. The vortex generators a
tually in
reased the drag butthe 
aps and boattail showed marginal drag redu
tion.Several a
tive 
ow 
ontrol e�orts have been 
arried out, both with andwithout 
ap. Without 
ap was investigated in [11℄ and [12℄, the authors in[11℄ used a 
ir
ular 
ylinder that had a build-in a
tuator and rea
hed dragredu
tion of 20%. In [12℄ they used 
losed-loop 
ontrol on a blunt trailingedge and rea
hed 10% drag redu
tion. In [13℄ and [14℄ they used base 
apswith AFC and rea
hed drag redu
tion below 10%. One su

essful e�ortwas done in [15℄ that a
hieved drag redu
tion of about 30% using steadyblowing. This is promising result but the use of steady blowing is energy
onsuming and the net drag redu
tion is not that high.Having these e�orts in mind leads us to do a thorough parameter studywith optimization and use periodi
 blowing that is mu
h more e�e
tive thansteady blowing with almost the same end results [16℄.1.3 OptimizationThe surrogate models are adopted as optimization approa
h. The spe
i�
model is the polynomial response surfa
e methodology (RSM). The mainadvantage of this method is that all 
andidate design 
an be run parallelin time. The model does not require information between the 
andidatesduring the optimization. This is very useful when running experiments orheavy CFD 
omputations. The 
hoi
e of this optimization strategy is mainlybe
ause it is robust and that the aim is to �nd a region of feasible designinstead of using the usual gradient-based lo
al minimum/maximum seekingoptimization strategies. It is the understanding of the response on ea
hparameter on the system that makes this algorithm useful during physi
al
uid analysis.The idea of RSM is to build an empiri
al model of the true responsesurfa
e of the system. The true response surfa
e is governed by physi
allaws. The obtained data from the design 
andidates are used to build amathemati
al best �tting model. A se
ond-order polynomial model hasbeen adopted in order to 
apture the nonlinearity. The model also in
ludes6



intera
tion terms of the di�erent parameters.We follow the pro
edure in [17℄. If the true response is denoted as y, thedesign parameters x1; x2; x3; :::; xn, then we have the following statementy = f(x1; x2; x3; :::; xn) + � (1)where � is all sour
es of errors. By using se
ond-order RSM the regressionmodel is written asy = �0 + kXi=1 �ixi + kXi=1 �iix2i +Xi<j kXj=2 �ijxixj + � (2)where �'s are the regression 
oeÆ
ients, xi is the ith design parameter andk is the total number of design parameters. By minimizing the error usingleast-square �t of the regression 
oeÆ
ients the approximation of the trueresponse ŷ is ŷ = b0 + kXi=1 bixi + kXi=1 biix2i +Xi<j kXj=2 bijxixj (3)The b's are now the least-square estimators of the regression 
oeÆ
ients.In order to 
he
k the quality of the estimated regression model, somestatisti
al 
oeÆ
ients are 
al
ulated. The 
oeÆ
ient of multiple determi-nation (R2) and the adjusted one (R2adj) de�ned in equation 4 and 5 area measures of how mu
h the variability of y is redu
ed using the regressorvariables x1; x2; x3; :::; xk . R2adj = 1 
orresponds to perfe
t �t. The di�er-en
e between R2 and R2adj is that if a regressor is added to the model, R2will in
rease despite that the added regressor will not improve the model;however the R2adj will de
rease. In order to in
rease the model �t and thusin
rease R2 and R2adj , it is possible to 
he
k the individual regressors usingtest statisti
 and reje
t the ones that does not ful�l a pres
ribed 
riterion.Due to la
k of time these tests have not been 
arried out. R2 and R2adj arede�ned as R2 = 1� SSESST (4)R2adj = 1� SSE=(n� p)SST =(n� 1) (5)SSE = nXi=1 (yi � ŷi)2 is the sum of square of errors, SST = nXi=1 (yi � �yi)2 isthe total sum of square, n is the number of observations and p is the numberof regressors.In order to 
he
k outliers, the residuals and the studentized residuals (ri)are analyzed. The studentized residuals are obtained by s
aling the residuals7



in su
h a way to obtain 
onstant varian
e of ea
h residual V ar(ri) = 1.Outliers have been removed if jrij > 3.It is important to 
hoose appropriate values of the parameters for ea
hdesign 
andidate, The method of the statisti
al appropriate 
hoi
e for best�t is 
alled \Design of Experiment" (DOE). There are a lot of DOE meth-ods for se
ond-order models and to de
ide whi
h one to 
hoose is problemdependent. There are e.g. 
entral 
omposite design (CCD), spheri
al CCD,Box Behnken design and fa
e-
entered 
entral 
omposite design. Ea
h de-sign has spe
i�
 advantage/disadvantage 
onsidering the problem at hand.The 
hosen design is the ins
ribed 
entral 
omposite design shown in �gure2. It has the rotability property and does not use any design 
andidateoutside the pres
ribed design spa
e, thus it is good on the 
entral subsetof the design spa
e [18℄. The rotability property ensure that if two design
andidates have the same distan
e from the origin, then the predi
ted valueshave equal predi
ted varian
e NV ar[ŷ(x)℄=�2. It is good to have two designspa
es, one overall and one 
lose to extreme lo
ations. Due to la
k of time,only one design spa
e was investigated.

Figure 2: Ins
ribed 
entral 
omposite design, DOE for RSM, blue line is theboundary of the design spa
e.2 Numeri
al Method2.1 Large-eddy simulationThe 
ow behind the tru
k is unsteady and the pulsating (i.e. os
illating)jets are used as for
ing. Thus the modeling strategy must be transient. Themodeled a
tuator is very narrow and the ex
itation velo
ity is about 50%8



of the free stream velo
ity. The a
tuation frequen
y is also mu
h higherthan the Strouhal frequen
y. Thus �ne resolution both in spa
e and timeis needed. Therefore in order to make a

urate predi
tion of the turbulent
ow, large-eddy simulation is used. It provides both instantaneous �eld dataand high a

ura
y. The Reynolds number is 200; 000 whi
h is in the rangeof manageable LES. Higher Reynolds number like full-s
ale 
ow would haveenfor
ed us to use a hybrid LES/RANS approa
h, su
h as DES. However a
omparison of several turbulen
e models is 
arried out in se
tion 3.5.4. The
ommer
ial FlowPhys ver. 2.0 software is used for the 
omputations in thiswork. It has a semi-impli
it, fra
tional step �nite element solver.The �ltered Navier-Stokes equations read��ui�t + ��xj (�ui�uj) = �1� ��p�xi + � �2�ui�xj�xj � ��ij�xj (6)where �ij = uiuj � �ui�ui is the sub-grid s
ale stresses modeled as�ij � 1=3Æij�kk = �2�sgs�sij (7)where �sgs is �sgs = (CSf�)2p2�sij�sij (8)and �sij is �sij = 1=2���uj�xj + ��uj�xi� (9)The Smagorinsky model (7) for the sub-grid s
ales is used with theSmagorinsky 
onstant CS = 0:20. In the near-wall region (20 
m) the �lterwidth is redu
ed using Van Driest damping fun
tion.f = 1� e�y+=A+ (10)where A+ = 25 and y+ is 
al
ulated by sear
hing the 
losest distan
e be-tween a node in the domain and the wall node.The temporal dis
retization is the expli
it four-step Runge-Kutta s
hemefor the 
onve
tion terms and the Crank-Ni
holson method for the di�usionterms. The spatial dis
retization s
heme is the pure 
entral di�eren
e (CD).The time-step size was 
ontrolled by an adaptive time stepper that keptthe max Courant number equal to two. The 
he
k was done every 10th time-step. The number of time-steps was typi
ally between 100 000�200 000 andthe time-step size varied between 10�4 and 6 � 10�5.The for
ing is modeled as a transient velo
ity inlet and the governingvariables are the slot width, the velo
ity (both magnitude and dire
tion)and the frequen
y. The RMS momentum from the slot is de�ned asJrms = Z �u2rms dh = �u2rms�h (11)9



�h is the e�e
tive slot width. Further we de�ne the momentum-
oeÆ
ientas C� rms = Jrmsw 12�u21 = u2rms�hw 12u21 (12)where w is the width of the tru
k, from 12 the velo
ity in the slot is givenby urms =rC� rms w u212�h (13)We further assume that the for
ing is pure sinusoidal i.e.u(t) = p2urms sin(2�Ft) (14)Finally we de�ne the non-dimensional for
ing frequen
y asF+ = F �XTEU1 (15)where XTE is the distan
e from the slot to the trailing edge of the 
ap.2.2 Computational domainWe use a simpli�ed tru
k model in our simulations. The tru
k is simpli-�ed as a re
tangular blu� body with typi
al width (w = 2:6 m) and length(l = 13:0 m) relevant for a real tru
k and assuming periodi
ity in the thirddire
tion (height), i.e. the domain is three-dimensional (�gure 3 and 5). Thesize of the sli
e is also investigated in order to have a 
onsistent 
omputa-tional 
on�guration (se
tion 3.5.1). The tru
k is mounted with angled 
apson the rear-end in whi
h the os
illating syntheti
 jet a
tuators are pla
ed(�g. 3). The a
tuators are modeled as a time-varying boundary 
ondition(slot). The slot extends over the entire height (z) of the tru
k.The tru
k geometry is shown in �gure 3 and 4. The inlet 
ow is mod-eled as inlet boundary 
ondition (BC) with pres
ribed 
onstant free-streamvelo
ity, U1 = 25 m=s. The Reynolds number is redu
ed to 200 000 byin
reasing the vis
osity to � = 3:25 � 10�4. The outlet BC is the standardoutlet with zero-gradient. The side-walls are pres
ribed fri
tionless walls,i.e. slip BC.The 
omputational mesh is shown in �gures 5, 6 and 7. The numberof nodes in the wake and the 
ap region is very large 
ompared to thosein the free-stream region. The mesh size is around 1:4 � 3:3 million nodesand 
onsist of unstru
tured quad elements in the x�y plane and stru
turedquad elements in the span-wise dire
tion. The quality of the mesh was veryhigh 
lose to the wall and in the 
ap region. At the end of the tru
k side-walls (prior to the 
ap) max y+ < 2, mean y+ � 1, max �x+ < 30, mean�x+ � 20, and �z+ for the di�erent 
ases are given in se
tion 3.5.1.10



PSfrag repla
ements xy z
Figure 3: Simpli�ed tru
k model. Inlet at x = �12w; outlet at x = 30w;slip sidewalls at y = �8:5w and y = 8:5w.

a

b c d
e
fFigure 4: Line representation of the tru
k showing di�erent parts used inthe CP analysis.2.3 Pro
edure and investigated parametersSeveral parameters have to be 
onsidered in the development pro
ess. As a�rst step an investigation is done by 
arrying out a large number of 
ompu-tations and varying the geometry of the added 
ap and governing variablesof AFC. In addition to determining 
ap angle (FA) and length (FL), the slotwidth, position, velo
ity amplitude, angle (SA) and frequen
y have to be de-termined. We assumed the 
ap length to be �xed and investigated three 
apangle 
on�gurations. Assuming also that the slot width and position being�xed and well resolved in ea
h 
on�guration, several velo
ity amplitudes,angles and frequen
ies of the slot are varied in order to a
hieve the largestdrag redu
tion. As a se
ond step, optimization of these parameters is donein order to maximize the drag redu
tion.On
e the optimal 
on�guration is found, VOLVO 3P and SKAB will in11



Figure 5: 3D mesh of the 
omputational domain.
Figure 6: Tru
k side mesh.the near future manufa
ture a prototype 
on�guration and make a full-s
aletest of a tru
k with the optimal AFC 
on�guration. The a
tuator that willbe used is a simple syntheti
-jet a
tuator 
apable to produ
e C� = 1:0%[19℄.

12



(a) Mesh around the Wake

(b) Mesh around the 
apFigure 7: 2D sli
e of the proposed novel rear-end of trailer, geometry andmesh. 13



3 ResultsThe following results are a 
omparison of the unfor
ed and the for
ed 
ase.The unfor
ed one is denoted as \AFC OFF" and the for
ed one as \AFCON". The spe
i�
 for
ed 
ase 
hosen is one that has shown maximal dragredu
tion 
ompared with the unfor
ed one. As mentioned in se
tion 1.3several hundreds of 
ases were prepared, run and �nally optimized. The 
asethat showed low mean drag and reasonable RMS of drag was 
hosen. Thespe
i�
ations of the 
hosen 
ase are listed in table 1. The slot width is set to�h = 5 
m whi
h means that C� = 1:0% 
orresponds to urms � 13:0 m=s,see eq. 13 . The lo
ation of the slot is at the upper edge of the 
ap. Thespan-wise domain size is 0:4 m with 16 
ell layers whi
h 
orresponds tomax �z+ = 130 and mean �z+ = 100. Both the instantaneous and timeaveraged quantities are plotted at three regions of interest: A general plotof the whole tru
k with upstream and downstream regions, wake region plotand �nally 
ap region plot. FL, FA, and SA denote 
ap length, 
ap angleand slot angle respe
tively. SA is de�ned relative to the 
ap surfa
e.AFC parameter ValueFL 0:75 mFA 30 degSA 15 degC� 1:0 %F+ 0:3Table 1: Spe
i�
ations of the for
ed 
ase3.1 Instantaneous 
owThe instantaneous 
hara
teristi
s of the 
ow are of high importan
e to in-vestigate in a
tive 
ow 
ontrol. We have 
hosen to study the instantaneouspressure, velo
ity and streamlines at a spe
i�
 instant with lo
ally interest-ing 
ow features. We expe
t that the 
ow for the unfor
ed 
ase is separatedfrom the 
ap surfa
e be
ause the 
ap angle is high enough. Furthermorethe separation will develop a strong vortex shedding behind the rear-endof the tru
k. Instantaneously, ea
h developed vortex will show up as a for-ward moving low pressure region as shown in �gure 8(a). We also noti
e thestrong high pressure at the front region of the tru
k and the separated 
owat the 
urvature at the interse
tion of the front and the sides of the tru
kthat is evident in both �gures 8(a) and 8(b).In �gure 8(a) we 
an also see that the pressure on the upper 
ap is lowdue to the reversed 
ow in the separation bubble. The wake region is zoomedin �gure 9. It is 
lear that the low pressure region downstream the 
ap issuppressed in the for
ed 
ase (�gure 9(b)). We also noti
e that a smaller14



low-pressure region is 
reated at the slot lo
ation at whi
h the a
tuationtakes pla
e. We also noti
e that small vorti
es are 
reated by the a
tuationwhi
h 
an be seen at the lower 
ap in �gure 9(b). These small vorti
eshave also been noti
ed by [6℄ who did an experiment on 
ow separation andreatta
hment by AFC on a 
ap, de
e
ted at angles larger than the naturalseparation angle. The Reynolds number was Re = 1:65 �105 whi
h is of sameorder as in the present work. The separation from the 
ap surfa
e is alsoshown in both �gures 10 and 11 where the instantaneous velo
ity 
ontoursare plotted. For the for
ed 
ase it 
an be seen that the wake has been smallerand the vortex-shedding weaker. The instantaneous 
ow is reatta
hed onthe 
ap surfa
e for the for
ed 
ase (�gure 11(b)).This 
on
lusion is also 
on�rmed by �gure 12 and 13 where the instanta-neous streamlines are plotted. The 
ow is reatta
hed and the small vorti
es
reated by the a
tuation 
an be seen at the downstream edge of upper 
apin �gure 13(b). Now the lo
ation has been moved further downstream the
ap surfa
e. We 
on
lude that these vorti
es, 
reated by the a
tuation, aremoving downstream the 
ap surfa
e and 
reate a shear layer in the wakeregion that makes the vortex-shedding weaker and prevents the intera
tionbetween the naturally 
reated shear-layers formed at the upper and loweredges. These vorti
es are furthermore moving downstream in the wake re-gion with su

essively in
reasing size as shown in �gure 12(b), destroyingthe low-pressure dominant wake stru
ture and yielding pressure re
overy.The a
tuation, by its blowing and su
tion, is re-energizing the boundarylayer that is to separate, and intera
ts with the ambient 
ow to introdu
evorti
es that rolls down the 
ap surfa
e. When the 
ow remains reatta
hedon the 
ap surfa
e, the wake size is narrowed.

15



(a) AFC OFF

(b) AFC ONFigure 8: Instantaneous pressure 
ontours. Note the large low-pressureregion downstream the upper 
ap in (a) and how it is suppressed by AFCin (b).

(a) AFC OFF (b) AFC ONFigure 9: Instantaneous pressure 
ontours, zoom of the wake.16



(a) AFC OFF (b) AFC ONFigure 10: Instantaneous u-velo
ity 
ontours, zoom around wake region.

(a) AFC OFF (b) AFC ONFigure 11: Instantaneous u-velo
ity 
ontours, zoom around 
ap region.

(a) AFC OFF (b) AFC ONFigure 12: Instantaneous streamlines, zoom around wake region.17



(a) AFC OFF

(b) AFC ONFigure 13: Instantaneous streamlines, zoom around 
ap region.
18



3.2 Time-averaged 
ow and wake stru
tureThe e�e
t of the a
tuation is further studied by time-averaged 
ow quanti-ties. Pressure, U -velo
ity, streamlines and vorti
ity are investigated. Fur-thermore in order to study the level of a
tivity in the wake, i.e. the strengthof the vortex-shedding, the RMS of pressure is plotted for di�erent regions.In �gure 14 the time-averaged pressure is plotted. With AFC o�, wenoti
e the expe
ted large low-pressure region behind the tru
k 
aused bythe strong vortex-shedding. A low pressure region is also found at the front
urvature denoted as b in �gure 4. The low-pressure region behind the tru
kis almost totally suppressed by AFC in �gure 14(b). The wake region iszoomed in �gure 15. Here we also noti
e, for the unfor
ed 
ase, the lowpressure region on the 
ap. This region is however advan
ed upstream inthe for
ed 
ase. We 
on
lude that by AFC a low pressure region is 
reatedat the slot lo
ation that su
ks the 
ow onto the 
ap surfa
e.In �gure 16 the time-averaged streamlines are plotted. It is 
lear thatthe wake stru
ture is a�e
ted in the for
ed 
ase. The wake region is furtherzoomed in �gures 17 and 18. We noti
e the smaller wake stru
ture of thefor
ed 
ase both in �gures 17(b) and 18(b). The wake is narrowed and hasshorter distribution in the free-stream dire
tion.In �gures 19 and 20 the 
ap region is featured. It is 
lear that the time-averaged 
ow is entirely reatta
hed by a
tive 
ow 
ontrol. Furthermorethe 
ow 
oming from the ba
k-side of the tru
k, up to the 
ap surfa
e, asreversed 
ow is prevented by the reatta
hed streamlines. This is one of thereasons why the intera
tion of the lower and upper shear-layers is prevented.The time-averaged vorti
ity is investigated in �gure 21 and 22. The lat-ter one is plotted with mean velo
ity ve
tors. It is 
lear that the 
ow onthe upper symmetri
 half of the tru
k produ
es negative vorti
ity and onthe lower half, positive vorti
ity as shown in �gure 21. From �gure 22 we
an draw several 
on
lusions: �rst we re
ognize the separation region in theunfor
ed 
ase, showing both positive and negative vorti
ity, we also noti
ethe strong positive vorti
ity evolving from the end of the 
ap. The for
ed
ase in �gure 22(b) shows that the negative vorti
ity has been moved 
loserto the 
ap surfa
e and the positive vorti
ity (i.e. re
ir
ulation) suppressedalmost entirely. The negative vorti
ity on the for
ed 
ase 
on�rms our pre-vious dis
ussion about the vorti
es 
reated by the a
tuation and rolls downthe 
ap surfa
e.One of the most interesting plots is the RMS of pressure in �gure 23.This plot shows that the e�e
t of AFC is not only a�e
ting the wake 
ow, butto small extent, also the upstream 
ow. We noti
e that the RMS pressurehas been in
reased at lo
ation b and de
reased at 
 (see �gure 4). This hasnot been showed by any plot previously dis
ussed. We also noti
e the greatsuppression of PRMS in the wake region (�gure 24). This 
auses the wakestru
ture to be less intensive and de
reases the level of turbulen
e. A 
loser19



look at the 
ap region we also 
on
lude that the a
tuation is in
reasing theturbulen
e on the 
ap surfa
e in order to reatta
h the 
ow. The a
tuationlo
ation itself is featured by in
reased RMS pressure. The 
on
lusion is thatthe unfor
ed 
ase is 
hara
terized by a highly turbulent and intensive wakebut the for
ed one by low level of turbulen
e in the wake, for
ing makes thewake less intensive and in
reases the turbulen
e at the 
ap surfa
e in orderto reatta
h the 
ow.

(a) AFC OFF

(b) AFC ONFigure 14: Time-averaged pressure 
ontours. Observe the large low-pressureregion in (a) and how it is suppressed by AFC in (b).
20



(a) AFC OFF (b) AFC ONFigure 15: Time-averaged pressure 
ontours, zoom of the wake.

(a) AFC OFF

(b) AFC ONFigure 16: Time-averaged velo
ity streamlines.
21



(a) AFC OFF (b) AFC ONFigure 17: Time-averaged x-velo
ity 
ontours, zoom of the wake.

(a) AFC OFF (b) AFC ONFigure 18: Time-averaged velo
ity streamlines, zoom of the wake.

(a) AFC OFF (b) AFC ONFigure 19: Instantaneous streamlines, zoom around 
ap region.22



(a) AFC OFF (b) AFC ONFigure 20: Time-averaged velo
ity streamlines, zoom around 
ap region.

(a) AFC OFF

(b) AFC ONFigure 21: Time-averaged vorti
ity 
ontours.
23



(a) AFC OFF

(b) AFC ONFigure 22: Time-averaged vorti
ity 
ontours and velo
ity ve
tors, zoomaround 
ap region.
24



(a) AFC OFF

(b) AFC ONFigure 23: RMS of pressure 
ontours.

(a) AFC OFF (b) AFC ONFigure 24: RMS of pressure 
ontours, zoom of the wake.25



(a) AFC OFF

(b) AFC ONFigure 25: RMS of pressure 
ontours, zoom around 
ap region.
26



3.2.1 Surfa
e pressure distributionAll lo
ation labels referred to �gure 4. In order to further study the in
uen
eof AFC on the tru
k body, the surfa
e pressure distribution and its RMS areplotted in �gures 26 and 27. We are a
tually only interested in the proje
tionof the pressure load in the x-dire
tion be
ause this is what 
ontributes to thedrag for
e. As shown in �gure 26(b) the impinging lo
ation at the symmetryline is almost CP = 1 as expe
ted. The small dis
repan
y is mainly be
ausethe upstream domain is not large enough. CP is then be
oming negativeat the 
urvature b and Cp;x is exa
t zero on the side surfa
e 
. On the 
apsurfa
e d the for
ed 
ase is showing lower CP at the slot lo
ation. HoweverCP in
reases along the 
ap surfa
e and also on the rear-end of the tru
k atf . We noti
e that the main di�eren
e of the for
ed and unfor
ed 
ase is atsurfa
e f . The 
on
lusion is that the pressure is here re
overed by the AFCthat minimizes the pressure di�eren
e between the front and ba
k and thusde
reases the total drag of the tru
k.The surfa
e distribution of RMS pressure is plotted in �gure 27 togetherwith the proje
ted RMS pressure load in the x-dire
tion. We re
ognize thede
reased RMS in region 
 as dis
ussed in se
tion 3.2. Furthermore it is 
learthat the a
tuation is in
reasing the RMS at surfa
e d but on the rear-end atf the RMS is de
reased as expe
ted. The less intensive wake in the for
ed
ase is a�e
ting the rear tru
k surfa
e.
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(b) Proje
ted pressure load in the x-dire
tion.Figure 26: Mean CP and proje
ted mean pressure load in the x-dire
tion(CP;x) of the upper half tru
k surfa
e (symmetry). : AFC OFF; :AFC ON
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(b) Proje
ted RMS of pressure load inthe x-dire
tion.Figure 27: RMS CP;RMS and proje
ted RMS pressure load in the x-dire
tion(CPx;RMS) of the upper half tru
k surfa
e (symmetry). : AFC OFF;: AFC ON3.3 Aerodynami
 for
esIn �gure 28(a) the drag history for both the for
ed and the unfor
ed 
aseis plotted. It is 
lear that the for
ed 
ase shows lower drag at every instantwhen the 
ow has rea
h fully developed 
onditions. We 
an also 
on
ludethat the drag redu
tion pro
ess is done in two steps. Initially, as shown inthe �gure, when AFC is applied, the drag de
reases a large deal (at t = 2 s)before the for
ed 
ow rea
hes fully 
onditions. What probably happens isthat the 
ow reatta
hes when momentum 
ux is added and removed to the
ow via the os
illating jet. Later the for
ing 
reates the vorti
es that rollsdown the 
ap and maintain the 
ow reatta
hed over the whole 
ap surfa
e,keeping the drag at lower level than the unfor
ed 
ase.In �gure 28(b) the power spe
tral density of the drag signal is plotted.We noti
e the vortex shedding frequen
y in both the unfor
ed and for
ed
ase with one di�eren
e. The peak of the for
ed 
ase has been redu
ed
ompared to the unfor
ed 
ase. This 
on�rms our previous dis
ussion thatthe intensity of the wake is redu
ed by AFC. The lo
ation of these peaks areat Frequen
y 0:98 Hz whi
h 
orresponds to Strouhal number of St = 0:1.This is in good agreement with measurements done on re
tangular 
ylinders[20℄. In [20℄ they measured the Strouhal number of re
tangular 
ylindersof di�erent B=H as a fun
tion of Reynolds number. For Re = 2 � 104 andB=H = 4 the Strouhal number is St = 0:12. The present tru
k model hasB=H = 5 at Re = 2 � 105. We further noti
e the high peak at 10 Hz that
orresponds to the a
tuation frequen
y. The intensity of the peak is highand due to this, we noti
e the high RMS drag of the for
ed 
ase in �gure28
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(b) Power spe
tral densityFigure 28: Drag history and its FFT, : AFC OFF; : AFC ON.CAFC OFFD = 0:76; CAFC OND = 0:57. One time unit, w=U1, 
orresponds to0:1 s.3.4 OptimizationFive parameters were in
luded in the optimization pro
edure, see table 2.The design spa
e was 
hosen with knowledge gained from the large number ofruns done in the �rst part of this work. Note that 10 < F < 25 
orrespondsto 0:3 < F+ < 0:7 when FL = 0:75m. When F+ = 1 one vortex travels withfree-stream velo
ity to the trailing edge of the 
ap before the next vortex isgenerated. By using the ins
ribed 
entral 
omposite design as DOE with one
entral point, we have totally 27 
ases to be run plus 9 
ases without AFC.The number of unfor
ed 
ases is determined by ea
h 
on�guration that needsto have a geometri
al modi�
ation. In this 
ase only two parameters needgeometri
al modi�
ation, namely FL and FA. The number of regressors is1+2k+k(k�1)=2 = 21; (k = 5). The statisti
s of the �tted surfa
e is foundin table 3. The residuals and the studentized residuals are plotted in �gure29. One outlier was removed from the design spa
e due to high studentizedresidual; also R2adj in
reased.Figure 30 shows 
ontour plots of the response surfa
e plotted against twoparameters ea
h. The rest of the parameters were held 
onstant. In orderto sear
h the minimum lo
ation, the gradient and all the boundaries of thedesign spa
e should be 
he
ked. The minimum was found on a boundary and
orresponds to the following parameters in table 4. The optimal drag valuewas found to be 0:28 whi
h 
orresponds to 63% drag redu
tion 
omparedwith no AFC. 29



AFC parameter Min value Max valueFL 0:3 m 0:75 mFA 10 deg 35 degSA 15 deg 35 degC� 0:1 % 1:0 %F 10 Hz 25 HzTable 2: Spe
i�
ations of the parameter spa
e for optimization.R2 R2adj �20:96 0:80 4:9 � 10�5Table 3: Statisti
s of the �tted response surfa
e
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(b) Normal distribution of studentizedresidualsFigure 29: Residuals of the �tted response surfa
e.AFC parameter Optimal valueFL 0:6 mFA 35 degSA 10 degC� 1:0 %f 25 HzTable 4: Parameter values of optimal design.By 
onsidering the plots in �gure 30 it is 
lear that a region of feasibledesigns 
ould be de�ned. In �gure 30(b), mean drag is plotted versus FLand FA. We 
on
lude that the length of the 
ap should be larger than 0:5 mand the 
ap angle larger than 30 deg. We also 
on
lude that AFC 
anin
rease the drag of a tru
k if inappropriate values are 
hosen. In �gure30



30(d) we 
on
lude that the in
uen
e of the slot angle is small. It is also
lear from �gure 30(f) that C� should be above 0:8 % and F large. Thephysi
al interpretation of these result is that we need a high FA and FL inorder to minimize the wake size. The blowing strenth C� should be high inorder to a�e
t the 
ow and 
reate the vorti
es and the frequen
y at 25 Hz
orresponds to F+ = 0:6, i.e. 
lose to one vortex travelling along the 
apsurfa
e before the next one is 
reated.3.5 Un
ertainty issues3.5.1 Span-wise domain size and grid dependen
eIn order to have 
onsistent span-wise domain size a 
omparison of CD ofthe unfor
ed and for
ed 
ase is done. The 
ase spe
i�
ations and mean CDare listed in table 5 and the CD history for the unfor
ed 
ase are plotted in�gure 31.Case # Domain size # 
ells CDAFC OFF CDAFC ON �CD1 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%Table 5: Spe
i�
ations of the span-wise domain sizes and 
orrespondingmean drag. Max �z+ � 130 and mean �z+ = 100 for low resolution. Max�z+ � 60 and mean �z+ = 50 for high resolution. 80 000 
ells are used inthe x� y plane, same as se
tion 3.1-3.3It is 
lear from the table and plots that the CD RMS 
u
tuations aredamped by in
reasing the size of the domain and de
reasing the resolution,e.g. 
ompare dz = 0:1m = 8 layers with dz = 0:2m = 16 layers anddz = 0:2m = 8 layers with dz = 0:2m = 16 layers in �gure 31(a). We 
an alsonoti
e this tenden
y in �gure 31(b) by 
omparing dz = 0:4m = 16 layers withdz = 0:4m = 32 layers and dz = 0:4m = 16 layerswith dz = 1:0m = 40 layerswhi
h has the same resolution. The e�e
t of span-wise size and resolutionon the time-averaged drag seems to be the same with for
ing as without.In �gure 32 the drag history for the unfor
ed and for
ed 
ase are plottedfor 
ases 1, 3, 6 and 7. It is 
lear how the RMS of drag is redu
ed byin
reasing the size of the domain. The drag redu
tion is obvious for all
ases and the RMS of drag de
reases by in
reasing the domain size. Weexpe
t that the intensity of the for
ing peak that appeared in �gure 28(b)will de
rease by in
reasing the domain size. We 
on
lude that the 
hoi
e of31



domain size is of high importan
e in AFC simulations. When the domainsize is small the 
ow be
omes too two-dimensional and the RMS of the dragin
reases. In
reasing the domain size, the three-dimensionality of the 
owin
reases and the 
ow will be less sensitive to for
ing by AFC.3.5.2 Only blowingAn a
tuator was tested experimentally for the purpose of drag redu
tionon tru
ks showed less good ability to su
k 
ow 
ompared to its ability ofblowing [19℄. Therefore AFC with only blowing instead of blowing andsu
tion was investigated. Everything was held 
onstant and the velo
ityamplitude was manipulated as shown in �gure 33. The maximum velo
ityis kept by taking half of the original velo
ity amplitude and shifting thesignal so that no su
tion is done and the lowest velo
ity be
omes zero. Thenew AFC velo
ity signal is Unew(t) = 0:5Aorg sin!t + 0:5Aorg and plottedin �gure 33(a). The results in �gure 33(b) are promising. It seems thatblowing is enough to rea
h the desired drag redu
tion. We also noti
e thatthe RMS of the drag has been redu
ed substantially while the new drag isfollowing the tenden
y of the old drag.This result is of high importan
e 
onsidering the fun
tionality of availablea
tuators. When doing experimental work, other a
tuators than blowingand su
tion ones 
an be used, e.g. pulsed jet a
tuators.3.5.3 Slot lo
ation dependen
eThere will be some problems manufa
turing an a
tuator devi
e for existingtrailers. It is quite impossible to keep the a
tuators exa
tly at the edge
onne
ting the rear-end of the trailer and the leading edge of the 
ap. Forthat purpose, two 
ases were run investigating the possibility to move theslot lo
ation 5 � 10 
m downstream of the upstream edge of the 
ap. In�gure 34(a) the drag history of lo
ation 2 and 3 
orresponding to 5 
m and10 
m respe
tively. The time-averaged drag are plotted in �gure 34, where�l is the distan
e between the upstream edge of the 
ap and 
ap and FLis the 
ap length. The original lo
ation 
orresponds to �l=FL = 1.It is 
lear that the slot lo
ation within 10 
m deviation from the 
ornerof the tru
k will not a�e
t the a
hieved drag redu
tion.3.5.4 Turbulen
e modeling issuesThe �rst author has supervised a ba
helor thesis work [21℄ with the aimto 
he
k the turbulen
e modeling dependen
e on the AFC and predi
teddrag both on the identi
al �ne mesh and a 
oarse one with wall-fun
tions.The STAR-CCM+ software was 
hosen to investigate URANS and DESmodels 
ompared with LES. Spalart�Allmaras, k� � and k�! SST wereinvestigated together with DES Spalart�Allmaras and DES k�! SST .32



The predi
ted mean drag is found in table 6. Velo
ity and RMS of pressurepro�les were also investigated at di�erent positions on the 
ap with andwithout AFC, and two of them are plotted in �gure 35.Turbulen
e Model CD CD AFC ON Redu
tion [%℄LES (present) 0:72 0:54 25%DES � SA 0:76 0:62 18%DES � k � ! SST 0:76 0:65 14%Spalart�Allmaras 0:48 0:27 45%k � � 0:54 0:32 40%k � ! SST 0:74 0:65 13%Table 6: Mean drag for di�erent turbulen
e models, �ne mesh.Turbulen
e Model CD AFC OFF CD AFC ON Redu
tion [%℄DES � SA 0:38 0:31 18%DES � k � ! SST �� �� ��Spalart�Allmaras 0:44 0:39 11%k � � 0:41 0:43 �4%k � ! SST 0:41 0:46 �11%Table 7: Mean drag for di�erent turbulen
e models, 
oarse mesh.The �ne mesh results in table 6 show that the both the DES modelspredi
ts the unfor
ed 
ase well 
ompared to LES. k � � and Spalart �Allmaras fail and under-predi
t by approximately 30%. However k�! SSTshows good agreement with DES and LES. None of the DES modelspredi
t the full e�e
t of AFC. The drag for the for
ed 
ase is overpredi
tedby all the models that showed good predi
tion of the unfor
ed 
ase. Thee�e
t of AFC is 
aptured by the URANS models but the level of the dragvalue is underpredi
ted a great deal. The 
oarse mesh result show thatthe e�e
t of AFC still is 
aptured by the DES. The URANS models fail.Spalart � Allmaras 
aptured a marginal e�e
t. Considering the velo
itypro�les in �gure 35(a) and 35(b) it is 
lear that all the models predi
ts theseparation on the 
ap surfa
e but none of the URANS models predi
tedthe fully atta
hed 
ow at x=W = 5:2. The upstream and downstream edgesof the 
ap are lo
ated at x=w = 5:0 and x=w = 5:25 respe
tively. TheRMS of the pressure pro�les are plotted in �gure 35(
) and 35(d). Noneof the URANS models predi
ts the pro�le for the unfor
ed 
ase whereasDES� k�! SST predi
ts the pro�les well. Both Spalart�Allmaras andk � � overpredi
ts the in
reased RMS at x=w = 5:2. The DES models is inbetter agreement both 
onsidering the shape of the pro�les and the order ofmagnitude of the RMS of pressure. 33
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(d) Case 7Figure 32: Drag history for di�erent span-wise domain sizes, : AFCOFF; : AFC ON
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4 Con
lusionsA novel rear-end of tru
k-trailer is proposed, redu
ing the drag by 30% ormore. Several hundred of large-eddy simulation 
ases were 
arried out withand without AFC and �nally an optimal 
ase is found using response surfa
emethodology. The drag redu
tion is 
om�rmed by several 
ow physi
alanalysis 
omparing the instantaneous and time-averaged 
ow �eld betweenthe unfor
ed and the for
ed 
ase.The instantaneous 
hara
teristi
s of the unfor
ed 
ase were found totypi
al of blu� body 
ows with strong global vortex-shedding and reversed
ow on the 
aps due to higher 
ap angle than the natural separation angle.The for
ed 
ase has weaker vortex shedding and small vorti
es were observedon the 
ap surfa
e, 
reated by the a
tuation. These vorti
es are movingdownstream the 
ap surfa
e, 
reating a shear layer in the wake that preventsthe intera
tion between the naturally 
reated shear-layers on the upper andlower edges.The unfor
ed 
ase has large time-averaged low-pressure region in thewake and on the 
ap surfa
e, yielding large wake stru
ture with high in-tensity and large mean drag. The 
ap region of the unfor
ed 
ase has aseparated 
ow region whereas the a
tuation for
ed the time-averaged 
owto stay atta
hed. There is a great suppression of RMS of pressure in thewake due to AFC that de
reases the level of vortex shedding in the wake andmakes the wake less intensive. However the RMS of pressure was in
reasedon the 
ap surfa
e with a
tuation whi
h 
reated a strong low-pressure regionat the leading edge of the 
ap whi
h makes the 
ow to stay atta
hed.The low drag of the for
ed 
ase is due to the in
reased base pressure atthe rear-end of the tru
k, shown by the Cp analysis. The vortex-sheddingfrequen
y was in good agreement with experimental results [20℄. The a
tua-tion frequen
y was observed in the frequen
y analysis of drag history whi
halso showed that the intensity of the vortex-shedding was de
reased due toAFC.The optimization pro
edure using RSM de�ned a feasible region of theparameter values governing 
ap geometry and AFC variables. The 
aplength and angle should be larger than 0:5 m and 30 deg respe
tively. Theslot angle has to be between SA = 10 � 25 deg, C� should be above 0:8 %and the frequen
y f between 10 � 25 Hz. The optimal 
ase was found tohave drag of 0:28 whi
h 
orresponds to 63% drag redu
tion.By using periodi
 blowing as a
tuation instead of periodi
 blowing andsu
tion, the RMS of drag were strongly redu
ed and the drag redu
tion bythe blowing and su
tion was not a�e
ted. The slot lo
ation 
an be movedup to 10 
m from the 
orners of the tru
k without a�e
ting the a
hieveddrag redu
tion. The span-wise domain and mesh resolution were also in-vestigated. The RMS of drag was de
reased with larger span-wise domainsize and lower mesh resolution. The 
ow be
omes more two-dimensional40



when the domain size is small and the three-dimensionality and the e�e
tof AFC is mu
h more 
lear in large domains. The a
hieved drag redu
tionis 
onsistent with di�erent span-wise domain sizes.Both DES k�! SST and DES Spalart�Allmaras predi
ted the dragof the unfor
ed 
ase well. The e�e
t of AFC was somewhat under-predi
ted.URANS models failed to predi
t the drag both for the for
ed and unfor
ed
ase. k � ! SST was promising on the �ne mesh but 
ompletely failed topredi
t the e�e
t of AFC on the 
oarse mesh.5 A
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