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t � Turbulent 
hannel �ow is 
omputed using the Partially Averaged Navier-Stokes (PANS)method whi
h is derived from a parent RANS k � " model and 
ontrolled by two parameters: theunresolved-to-total ratio of kineti
 energy (fk) and of dissipation (f"). Ba
ks
atter from a s
ale-similaritymodel is used as for
ing whi
h is added in the momentum equations in order to trigger resolved turbu-len
e. A 
ombination of the ba
ks
atter model with the PANSmethodology is evaluated in 
hannel �ow.It was found that the PANS model is able to yield reasonable predi
tions with an appropriate value offk. In addition, it was demonstrated that adding for
ing has the 
apability of 
reating more resolvedturbulen
e, espe
ially for small fk.1. Introdu
tionWhile Large Eddy Simulation (LES) has shown the ability to resolve �ow stru
tures and a
hievemore a

urate predi
tions in whi
h only s
ales larger than the grid spa
ing are resolved and sub-grid s
ales are modelled [1, 2℄, it is often too expensive for realisti
 engineering appli
ations.In the past de
ade, an alternative method 
alled hybrid RANS/LES has been proposed that ef�-
iently 
ombines the advantages of RANS and LES approa
hes. A number of hybrid methodshave been developed. The Deta
hed Eddy Simulation (DES) [3℄ is one of the most su

essfulhybrid methods in whi
h the atta
hed boundary layer is simulated using the unsteady RANSapproa
h, while the outer �ow region is 
omputed using LES. In DES, the swit
h between theRANS and LES is di
tated by the ratio of the RANS to the LES turbulent length s
ales. Anothermodelling method is Very Large Eddy Simulation (VLES) [4, 5℄ in whi
h the very large s
alesof turbulen
e are dire
tly 
al
ulated, and the effe
t of the unresolved s
ales is a

ounted for byan eddy vis
osity model. However, this approa
h requires a substantially more sophisti
atedmodelling approa
h.Re
ently, the Partially Averaged Navier-Stokes (PANS) model, proposed by Girimaji [6, 7℄,was used with the intention to smoothly simulate turbulent �ows using either of a hierar
hi
rank of approa
hes from RANS to Dire
t Numeri
al Simulation (DNS). The PANS model isderived from a parent RANS k � " model based on various modeled-to-resolved s
ale ratios.The PANS formulations are 
ontrolled by two parameters: the unresolved-to-total ratio of ki-neti
 energy (fk) and of dissipation (f"). One of the advantages of the PANS model is that itis easy to implement the model into an existing RANS solver. Only 
oef�
ients need to to be
hanged depending on the 
hoi
es of fk and f" [8℄. The PANS model has been evaluated in
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al turbulent separating �ows. Girimaji [7℄ applied the PANS model to the �ow pasta square 
ylinder and the �ow over a surfa
e-mounted 
ube. Girimaji and Lavin [9℄ used thePANS model to investigate a turbulent square jet and demonstrated that PANS is 
apable of
apturing jet physi
s. Basu et al. [10℄ applied the PANS model to a 
avity with the value offk varying with lo
al grid spa
ing and turbulent length s
ale. Frendi et al. [11℄ 
ompared threehybrid approa
hes (DES, URANS and PANS), showing that the PANS model obtained betterresults than the other two turbulen
e models for a turbulent �ow over a ba
kward fa
ing step.The in�uen
e of the PANS parameter f" was also investigated, and it was shown that the rangeof s
ales de
reases with de
reasing f". It was also reported that the PANS 
omputations aresensitive to grid resolution. Song et al. [12℄ fo
used their investigation on how to determine the
ontrol parameter fk in the �ow past a square 
ylinder. They proposed an equation to evaluatethis parameter, and demonstrated that the PANS approa
h is very effe
tive in simulating sepa-rated turbulent �ows and that a

urate predi
tions 
ould be obtained by using a mu
h 
oarsergrid than is required for LES.The present work investigates the PANS modelling for turbulent 
hannel �ow. An isotropi
syntheti
 �u
tuation is used as an inlet boundary 
ondition for unsteady simulations [13, 14℄.Ba
ks
atter from a s
ale-similarity model is used as for
ing, in whi
h only the part of thegradient of Reynolds stress is 
onsidered when its sign is 
onsistent with the vis
ous terms [15℄.In the present work, this approa
h is used in order to trigger resolved turbulen
e in simulationof atta
hed turbulent boundary layer. If no for
ing 
onditions are pres
ribed in 
omputation,the resolved turbulen
e near the inlet will be too small and a large streamwise distan
e will berequired before the modelled equations are able to re-establish fully developed turbulent �ow.The outline of the paper is as follows. We des
ribe the s
ale-similarity model and the PANSformulation in se
tion 2, and the simulation methods are presented in se
tion 3. The results ofthe 
al
ulations are dis
ussed in se
tion 4 to demonstrate the advantages of PANS model andthe effe
ts of for
ing in momentum equations. Finally, 
on
lusions are drawn in se
tion 5.2. EquationsFor in
ompressible turbulent �ows, the 
ontinuity equation and Reynolds-averaged Navier-Stokes equation are given by�Ui�xi = 0�Ui�t + �(UiUj)�xj = �1� �P�xi + ��xj �(� + �t)�Ui�xj � (1)The RANS k � " two-equation model reads:�k�t + �(kUj)�xj = ��xj ��� + �t�k� �k�xj �+ Pk � "�"�t + �("Uj)�xj = ��xj ��� + �t�"� �"�xj �+ C"1Pk "k � C"2"2k�t = C�k2" (2)
where the produ
tion term of turbulent kineti
 energy is given byPk = �t��Ui�xj + �Uj�xi � �Ui�xj (3)
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oef�
ients take the values of:C"1 = 1:44; C"2 = 1:92; �k = 1:0; �" = 1:31; C� = 0:09 (4)2.1. S
ale-similarity model used as for
ingIn s
ale-similarity model, the largest unresolved s
ales are assumed to be similar to the smallestresolved s
ales. This is the elementary idea of s
ale-similarity subgrid models. The dissipativepart of the Reynolds stress term, ��ij=�xj , was added to the momentum equations in [16℄.This idea is employed in the present work, and only the part of the Reynolds stress term that
orresponds to ba
ks
atter is added to the momentum equations [15℄. The SGS tensor is givenby [17℄ �ij = �ui�uj � ��ui ��uj (5)The equation for the resolved turbulent kineti
 energy, k = hu0iu0ii=2, readsDkDt + hu0ju0ii�h�uii�xj + �hp0u0ii�xi + 12 �hu0ju0iu0ii�xj =� �2k�xj�xj � � ��u0i�xj �u0i�xj�| {z }" ����ij�xj u0i�| {z }"SGS (6)where �(�2k=(�xj�xj)) is the vis
ous diffusion term, " is the vis
ous dissipation term, whi
his always positive, and "SGS is a sour
e term arising from the SGS stress tensor, whi
h 
an bepositive or negative. When it is positive, forward s
attering of turbulent energy takes pla
e;when it is negative, ba
ks
attering o

urs.A sign fun
tion,Mij , is de�ned to 
ontrol the sign of "SGS . In the present investigation, onlythe ba
ks
atter part is in
luded. The sign fun
tion is then de�ned as [15℄MBij = �sign����ij�xj �2�ui�xj�xj� ; no summation on i; j~MBij = max(MBij ; 0)��Bij�xj = ~MBij ��ij�xj ; no summation on i; j (7)
where supers
ript B indi
ates ba
ks
atter. The term ���Bij =�xj is added to the momentumequations.Thus, the momentum equations with an added for
ing 
an be written as:�Ui�t + �(UiUj)�xj = �1� �P�xi + ��xj �(� + �t)�Ui�xj �� ��Bij�xj (8)where the last term is the for
ing term.2.2. PANS turbulen
e modelThe PANS model is derived from the RANS 
losure equations and resolves large-s
ale unsteady�u
tuations through a partial averaging idea. The extent of the resolved part is determined bytwo parameters: the unresolved-to-total ratio of kineti
 energy, fk, and of dissipation, f", de�ned



4 Turbulen
e, Heat and Mass Transfer 6by fk = ku=k and f" = "u=", respe
tively. The PANS 
losure equations for ku and "u are givenby [6, 7℄ �ku�t + �(kuUj)�xj = ��xj ��� + �u�ku� �ku�xj �+ Pu � "u�"u�t + �("uUj)�xj = ��xj ��� + �u�"u� �"u�xj �+ C"1Pu"uku � C�"2 "2uku�u = C�k2u"u (9)
C�"2 = C"1 + fkf" (C"2 � C"1) (10)�ku � �k f 2kf" ; �"u � �"f 2kf" ;Pu = �u��Ui�xj + �Uj�xi � �Ui�xj (11)where subs
ript u indi
ates PANS statisti
s (i.e. partially averaged) and ku and "u are unre-solved kineti
 energy and its dissipation rate, respe
tively.The value of f" is taken as 1:0 and 
oef�
ients C"1, C"2, �k, �" and C� take the same valueas in the parent RANS model. Several values of fk were used for evaluation.3. Simulation methodsAn in
ompressible, �nite volume 
ode was used in the 
omputations [18℄. The se
ond-order
entral differen
ing was used for spa
e dis
retization for all terms ex
ept the 
onve
tion terms inthe ku and "u equations, for whi
h the hybrid 
entral/upwind s
heme was employed. The Crank-Ni
olson s
heme was used for time dis
retization of all equations. The numeri
al pro
edure isbased on an impli
it, fra
tional step te
hnique with a multigrid pressure Poisson solver [19℄ anda non-staggered grid arrangement.Isotropi
 syntheti
 �u
tuations were used at the inlet boundary. The inlet turbulen
e hasintegral length and time s
ales are related to the grid size, �y, �z, and the 
omputational timestep,�t. The detailed derivation for the inlet �u
tuating velo
ity �eld 
an be found in [13, 14℄.The �u
tuating velo
ities are superimposed on a mean streamwise velo
ity pro�le, Uin, withVin = Win = 0 and U+in = 1�ln(y+) +B (12)where � = 0:4 and B = 5:2.Periodi
 boundary 
onditions were used on the spanwise boundaries, and wall fun
tionsbased on the instantaneous log-law were used at the wall. The modelled turbulent kineti
 energyand its dissipation were pres
ribed at the �rst interior nodes. Neumann boundary 
onditionswere used at the outlet.A 128 � 64 � 32 mesh was used in the streamwise (x), wall-normal (y) and spanwise (z)dire
tions, respe
tively. The size of the 
omputational domain was xmax = 51:2, ymax = 2:0and zmax = 1:6, and the s
hemati
 of the 
hannel in 2D is shown in Fig. 1. Constant gridspa
ing was employed in all 
oordinate dire
tions, and the �rst grid line near the wall waslo
ated at y+ = 62:5 and �y = 3:125 � 10�2. The time step was set to �t = 5:0 � 10�3.The Reynolds number is de�ned as Re� = u�Æ=� = 4000, where Æ denotes the half height of
hannel and u� denotes the wall fri
tion velo
ity.



J.M. Ma et al. 5
Wall

Wall

PANS regionRANS region
Inlet Outlet

y

x L
L/3

PSfrag repla
ementsFigure 1: S
hemati
 of 
hannel at the x� y 
ross-se
tion (RANS and PANS regions)

0 10 20 30 40 50
0

2

4

6

8

10

12

PSfrag repla
ements x=Æ(hu0 u0 i)1=2 =u
�;x

(a) WOF 0 10 20 30 40 50
0

2

4

6

8

10

12

PSfrag repla
ements x=Æ(hu0 u0 i)1=2 =u
�;x

(b) WFFigure 2: urms �u
tuations vs. x at y=Æ = 0:11. : fk = 0:1; : fk = 0:2; : fk = 0:3;: fk = 0:4; Æ: fk = 0:7;4: fk = 1:0.4. Results and dis
ussionsThe results are presented in two parts. In the �rst part, PANS simulations with for
ing (WF)and without for
ing (WOF) are presented for six 
onstant values of fk, namely, 0:1, 0:2, 0:3,0:4, 0:7 and 1:0. The effe
t of different fk in the PANS simulations is examined. The se
ondpart dis
usses 
omputations that have been made in whi
h one-third of the upstream 
hannel issolved with the RANS model (fk = 1:0) and PANS is used in the remaining part of the domain.In the RANS region, no for
ing is added; in the PANS region, we 
onsider the 
ases with andwithout for
ing. The same group of values for fk are used. The value of f" is kept as unity forall the 
ases.4.1. PANS simulations with and without for
ing for various fkThe urms �u
tuations are presented with and without for
ing versus x for various fk at y=Æ =0:11 (see Fig. 2). As 
an be seen, for fk � 0:2, the �ow be
omes approximately fully developedat x=Æ = 10 with for
ing and at x=Æ = 20 without for
ing. The �u
tuations in
rease withde
reasing fk in both 
ases. The �gure also shows that more turbulent �u
tuations are 
reatedin the vi
inity of the inlet of 
hannel with for
ing than without for
ing. The x=Æ = 45:0 valueis used in the following dis
ussions and the quantities are 
ompared with and without for
ingof various values of fk in this se
tion.The streamwise velo
ity pro�les obtained with and without for
ing are 
ompared in Fig. 3with the log-law. Poor behavior is observed when the value of fk is equal to or greater than 0:4with and without for
ing, ex
ept for fk = 1:0, for whi
h the agreement with log-law is almostperfe
t. However, the agreement with the log-law shows a drasti
 improvement at fk = 0:3
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(b) WFFigure 3: Velo
ity pro�les at x=Æ = 45:0. : fk = 0:1; : fk = 0:2; : fk = 0:3; :fk = 0:4; Æ: fk = 0:7;4: fk = 1:0; +: 2:5ln(y+) + 5:2.when for
ing is added; the velo
ity pro�les for fk = 0:2 and 0:3 are very similar when nofor
ing is added. The �gure also shows better results for fk = 0:1 and 0:2 with for
ing. Thereason is that adding for
ing generates resolved �u
tuations (Fig. 2).Figure 4 presents the modelled and resolved shear stress pro�les with and without for
ingfor various values of fk, and these are 
ompared with the DNS data of Re� = 550. With andwithout for
ing, the modelled shear stress is redu
ed with a de
rease in fk. Moreover, theresolved shear stress has a strong melioration for fk = 0:3 from no for
ing to for
ing.Figure 5 illustrates the modeled and resolved turbulent kineti
 energy, ku, with and withoutfor
ing. As 
an be seen, the peak values of resolved k with for
ing are larger than withoutfor
ing when fk is smaller than 0:4. The value of the modelled ku is 
ompared with the resultfor 1D 
hannel �ow using the RANS model. The slight differen
e between the PANS withfk = 1:0 and the 1D RANS predi
tion is probably due to some small unsteadiness in theresolved �u
tuations by PANS.Figure 5 also shows that the modelled turbulent kineti
 energy de
reases with de
reasing fk,whereas the resolved turbulent kineti
 energy in
reases. This is observed both with and withoutfor
ing. The resolved turbulent kineti
 energy is almost equal to zero for fk = 1:0, as shownin Fig. 5(b) and Fig. 5(d). In this 
ase, PANS returns to a steady RANS model. However, theresolved �ow 
aptures more and more unsteady s
ales of motion with de
reasing fk. The two�gures also illustrate that the addition of for
ing to the momentum equations plays an importantrole when small fk values are invoked.4.2. Zonal PANS simulations for various fkThe term of zonal PANS means here that one part of the 
omputational domain uses the RANSmodel and the other uses the PANS model. It is similar to a simulation using embedded LES. Inthe present paper, the �rst third of the 
hannel is solved using the RANS model with fk = 1:0,where no for
ing is added to the momentum equations. In the remaining part of the 
hannel, thePANS model is used with a lower value of fk; the s
hemati
s are depi
ted in Fig.1. Two 
asesare 
onsidered in the PANS region, namely, with and without for
ing added to the momentumequations.Figure 6 shows the urms of the two 
ases versus x for various fk at y=Æ = 0:11. Here it is
learly seen that for
ing has a signi�
ant in�uen
e on turbulent �u
tuations for small fk values.
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(d) Resolved shear stress, WFFigure 4: Shear stress pro�les at x=Æ = 45:0. : fk = 0:1; : fk = 0:2; : fk = 0:3; :fk = 0:4; Æ: fk = 0:7;4: fk = 1:0; �: DNS with Re� = 550 [20℄.A break lo
ation 
an be found at the interfa
e of RANS to PANS, whi
h lies at x=Æ = 17:0,see Fig. 6(b). The �u
tuations rise rapidly in the RANS region and des
end qui
kly after theinterfa
e for fk smaller than 0:2. All simulations with the different fk values are fully developedwhen approa
hing x = xmax with for
ing.Turbulent vis
osity versus x at y=Æ = 0:11 is shown in Fig. 7. It should be noted that a highervalue of turbulent vis
osity, �t, is obtained with for
ing than without for
ing near the interfa
e(Fig. 7(
)). A large �t dampens the �u
tuations, whi
h explains why the resolved �u
tuation atthe exit for fk = 0:1 and 0:2 is smaller with for
ing than without for
ing.The lo
ation of x=Æ = 25:0 is 
onsidered in order to 
ompare the quantities of the simula-tions. This lo
ation is 8Æ downstream of the interfa
e of the RANS to PANS models so thatthe in�uen
e of predi
tion with for
ing 
an be observed 
learly. It should be noted that theturbulen
e has not fully developed at this lo
ation. Although the results at x=Æ = 45:0 are notin
luded, it is illustrated here that the predi
tions have been improved with for
ing (similar tothe plottings as shown in Figs. 2 � 5). Nevertheless, the zonal PANS simulation shows betterbehavior for fk = 0:4 with for
ing than full PANS simulation, when fully developed turbulen
eis established.In the RANS region, three lo
ations have been taken to 
ompare the in�uen
e of for
ing,namely, x=Æ = 11:0, x=Æ = 15:0 and x=Æ = 17:0. It shows that the addition of downstream
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(b) Resolved k, WOF
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(d) Resolved k, WFFigure 5: Turbulent kineti
 energy at x=Æ = 45:0. : fk = 0:1; : fk = 0:2; : fk = 0:3;: fk = 0:4; Æ: fk = 0:7;4: fk = 1:0; �: from an 1D simulation with the RANS model

0 10 20 30 40 50
0

2

4

6

8

10

12

PSfrag repla
ements x=Æ(hu0 u0 i)1=2 =u
�;x

(a) WOF 0 10 20 30 40 50
0

5

10

15

20

25

30

PSfrag repla
ements x=Æ(hu0 u0 i)1=2 =u
�;x

(b) WFFigure 6: urms �u
tuations vs. x at y=Æ = 0:11. : fk = 0:1; : fk = 0:2; : fk = 0:3;: fk = 0:4; Æ: fk = 0:7;4: fk = 1:0.
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(b) WFFigure 8: Velo
ity pro�les at x=Æ = 25:0. : fk = 0:1; : fk = 0:2; : fk = 0:3; :fk = 0:4; Æ: fk = 0:7;4: fk = 1:0; +: 2:5ln(y+) + 5:2.for
ing has a negle
table effe
t in the RANS region; although the �gure is not illustrated here.The velo
ity pro�les with and without for
ing at x=Æ = 25:0 are 
ompared in Fig. 8 with thelog-law. As 
an be seen, the velo
ity pro�les without for
ing are overpredi
ted 
ompared withthe log-law at all values of fk ex
ept fk = 1:0, for whi
h the agreement is almost perfe
t. Theratio h�ui=u�;x is de
reased for fk smaller than 0:4 with for
ing, see Fig. 8(b). This is due to thefor
ing, whi
h triggers more resolved turbulen
e, in
reasing the turbulent resolved diffusionand thus de
reasing h�ui=u�;x.Turbulent vis
osity with and without for
ing at x=Æ = 25:0 is displayed in Fig. 9; 1D resultswith the RANS model are in
luded in the �gure. The turbulent vis
osity in
rease for fk � 0:4when the for
ing was added in the PANS region, as shown in Fig. 9(b). This is 
onsistent withthe results in Fig. 10.The modelled and resolved turbulent kineti
 energy at x=Æ = 25:0 are presented in Fig. 10.The 1D result with the RANS model is also in
luded in the �gure. Comparing these �gures, we
an �nd that adding for
ing in the momentum equations indeed in
reases the resolved turbulentkineti
 energy for fk � 0:4. As a 
onsequen
e, the produ
tion of modelled turbulen
e is
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(b) WFFigure 9: Turbulent vis
osity at x=Æ = 25:0. : fk = 0:1; : fk = 0:2; : fk = 0:3; :fk = 0:4; Æ: fk = 0:7;4: fk = 1:0; �: from an 1D simulation with the RANS model
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(d) Resolved k, WFFigure 10: Turbulent kineti
 energy at x=Æ = 25:0. : fk = 0:1; : fk = 0:2; : fk = 0:3;: fk = 0:4; Æ: fk = 0:7;4: fk = 1:0; �: from an 1D simulation with the RANS modelalso in
reased. The same tenden
y 
an be observed in the results when the fully developedturbulen
e is re-established, for example, at x=Æ = 45:0.
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lusionsComputations were made for turbulent 
hannel �ow using the PANS and zonal PANS modelswith and without for
ing. The zonal PANS model means that a part (one-third in this work) ofthe upstream 
hannel is solved in RANS mode (fk = 1:0) and being 
oupled with downstreamPANS with or without for
ing. The for
ing is represented through a s
ale-similarity model byin
luding only the ba
ks
atter part.Six 
onstant values of fk were used, and the in�uen
e was explored. Comparisons of thepredi
ted results of the present PANS simulation indi
ate that the PANS model is able to yieldreasonable predi
tions with an appropriate value of fk, usually fk = 0:4 or smaller. The simu-lations with different values of fk 
learly demonstrated that more turbulen
e are resolved withde
reasing fk.Comparisons were made with and without for
ing for the zonal PANS method. These 
learlyindi
ate that for
ing stemming from the ba
ks
atter part of a similarity model is able to 
reatea ri
her resolved turbulen
e. The present work has shown that the addition of for
ing plays avery important role in triggering the turbulent �u
tuations for small fk values. Nevertheless,for
ing does not work for large fk values. This suggests that it is more plausible to use for
ingin DNS (or LES) simulations than in RANS simulations.6. A
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