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The main bottle neck for using large eddy simulations (LES) at high Reynolds number is the requirement
of very fine meshes near walls. Hybrid LES-Reynolds-averaged Navier-Stokes (RANS) was invented to
get rid of this limitation. In this method, unsteady RANS (URANS) is used near walls and away from
walls LES is used. The matching between URANS and LES takes place in the inner log-region. In the
present paper, a method to improve standard LES-RANS is evaluated. The improvement consists of
adding instantaneous turbulent fluctuations (forcing conditions) at the matching plane in order to provide
the equations in the LES region with relevant turbulent structures. The fluctuations are taken from a DNS
of a generic boundary layer. Simulations of fully developed channel flow and plane asymmetric diffuser
flow are presented. Hybrid LES-RANS is used both with and without forcing conditions.

Keywords: Large eddy simulations (LES); Reynolds number; Forcing conditions; Turbulent

1. Introduction

When simulating bluff body flows, large eddy simulations
(LES) is the ideal method. Bluff body flows are dominated
by large turbulent scales which can be resolved by LES
without too fine resolution and accurate results can be
obtained at affordable cost (Rodi ef al. 1997, Krajnovié
and Davidson, 2002, 2003, 2004). On the other hand,
doing accurate predictions of wall-bounded flows with
LES is a challenging task. The near-wall grid spacing
should be about one wall unit in the wall-normal direction.
This is similar to the requirement in Reynolds-averaged
Navier—Stokes (RANS) using low-Re number models.
The requirement for a well-resolved LES in the near-wall
region expressed in wall units is approximately 100
(streamwise) and 30 (spanwise). This enables resolution
of the near-wall turbulent structures in the viscous
sublayer and the buffer layer consisting of high-speed in-
rushes and low-speed ejections (Robinson 1991) (often
called the streak process). At low to medium Reynolds
numbers the streak process generates the major part of the
turbulence production. These structures must be resolved
in an LES in order to get accurate results. Thus, for wall-
bounded flows at high Reynolds numbers of engineering
interest, the computational resource requirement of
accurate LES is prohibitively large. Indeed, the require-
ment of near-wall grid resolution is the main reason why
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LES is too expensive for engineering flows, which was
one of the lessons learnt in the LESFOIL project
(Davidson et al. 2003, Mellen et al. 2003).

The object of hybrid LES-RANS (Davidson 2001,
Temmerman and Leschziner 2002, Davidson and Peng
2003, Tucker 2003, Xiao et al. 2003, Tucker and
Davidson 2004) is to get rid of the requirement of high
near-wall resolution in wall-parallel planes. In the near-
wall region (the URANS region), a low-Re number
RANS turbulence model (usually an eddy-viscosity
model) is used. In the outer region (the LES region),
the usual LES is used. The idea is that the effect of the
near-wall turbulent structures should be modelled by the
RANS turbulence model rather than being resolved.
The matching between the URANS region and the LES
region usually takes place in the inner part of the
logarithmic region (i.e. around 30—-60 wall units away
from the wall). In the LES region, coarser grid spacing in
wall-parallel planes can be used. In this region the grid
resolution is presumably dictated by the requirement of
resolving the largest turbulent scales in the flow (which
are related to the outer length scales, e.g. the boundary
layer thickness), rather than the near-wall turbulent
processes. The unsteady momentum equations are solved
throughout the computational domain. The turbulent
RANS viscosity is used in the URANS region, and the
turbulent SGS viscosity is used in the LES region.
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Recent work on hybrid LES-RANS can be found in
(Davidson 2001, Temmerman and Leschziner 2002,
Davidson and Peng 2003, Hamba 2003, Tucker 2003,
Xiao et al. 2003, Tucker and Davidson 2004). In Davidson
(2001), Davidson and Peng (2003), Hamba (2003), Xiao
etal. (2003) two-equation models were used in the URANS
region and a one-equation SGS model was employed in the
LES region. One-equation models were used in both
regions in Tucker (2003), Tucker and Davidson (2004).
The locations of the matching planes were determined in
different ways. In some works (Davidson 2001, Davidson
and Peng 2003, Hamba 2003), it was chosen along a pre-
selected grid plane. In Tucker and Davidson (2004) it was
determined by comparing the URANS and the LES
turbulent length scales or it was computed from
turbulence/physics requirements. Xiao et al. (2003) used
a two-equation model in the URANS region and blended it
into a one-equation in the LES region. In Tucker (2003)
different partial differential equations for automatically
finding the matching plane were investigated.

Hybrid LES-RANS is similar to detached eddy
simulations (DES) (Spalart er al. 1997, Spalart 2000,
Strelets 2001). The main difference is that the original
DES aims at covering the whole attached boundary layer
with URANS, whereas hybrid LES-RANS aims at
covering only the inner part of the boundary layer with
URANS. In later work DES has been used as a wall model
(Nikiton et al. 2000, Piomelli ef al. 2003), and in this form
DES is very similar to hybrid LES-RANS.

Although good results have been presented with hybrid
LES-RANS, it has been found that the treatment of the
interface between the RANS region and the LES region
is crucial for the success of the method. The resolved
turbulence supplied by the URANS region to the LES
region does not have any reasonable turbulent character-
istics and is not representative of turbulence at all. This
results in too poorly resolved stresses on the LES side of
the interface and this gives a hack—also referred to as a
shift—in the velocity profile approximately at the
location of the matching plane (Nikiton et al. 2000,
Davidson 2001, Temmerman and Leschziner 2002,
Davidson and Peng 2003, Hamba 2003, Piomelli et al.
2003, Dahlstrom 2003, Tucker and Davidson 2004).
The too low-resolved stresses in the LES region gives too
a small wall shear stress. Several modifications have been
proposed to remove this deficiency. Temmerman and
Leschziner (2002) proposed to dampen the modelled
stresses in the URANS region to reduce the total (i.e.
resolved plus modelled) shear stress in the URANS
region and thereby, reducing the jump in shear stress
across the matching plane. In Tucker and Davidson
(2004) numerical smoothing was used at the interface.
Hamba (2003) proposed a modification of the discretized
streamwise equation at the interface in order to avoid
filtering out any resolved fluctuations. In Piomelli et al.
(2003) backscatter was introduced in the interface
region with the object to generate resolved turbulent
fluctuations.

In the present paper, we propose to add fluctuations to the
momentum equations at the LES side of the interface
(Dahlstrom 2003, Dahlstrom and Davidson 2003).
The turbulent fluctuations upNg, ?Vpnss Whng are taken
from a DNS of a generic boundary layer. The aim is to create
resolved turbulence with reasonable structural information
of relevant time and length scales. The added fluctuations act
as a forcing term —u) pnoit; ps/Ay in the #; momentum
equations. The time-averaged source in the streamwise
momentum equation is positive (i.e. —(upng?pns) = 0),
and the added momentum diffuses towards the wall and
increases the wall shear stress. An interesting—and rather
similar approach—was recently presented by Batten et al.
(2004) in which synthetic turbulent fluctuations were used to
trigger the resolved turbulence when going from an URANS
region to an LES region.

In the present paper, the improved LES-RANS method
is discussed and results from channel flow predictions at
different Reynolds numbers as well as predictions of the
flow in an asymmetric, plane diffuser are presented.

2. Equations

The Navier-Stokes equations with an added turbulent/SGS
viscosity read
oit;
ot

9 lop @ dit;
JE— _I'_‘ = 8 i —— N - 1
+ o (#;11;) = B P + o, [(V + vr) axj] (1)

A @)

axi

where vy = v, (v; denotes the turbulent RANS viscosity)
for y=y,, (see figure 1), otherwise vy = vy, The
coefficient 8= 1 for channel flow simulations with
periodic streamwise boundary conditions; otherwise it is
zero. The density is set to one in all simulations.

2.1 URANS vs. LES

The bar (=) over the velocity components and pressure in
equations 1 and 2 denotes time (or ensemble) averaging in
the URANS region and implicit filtering (i.e discretization)
in the LES region. Thus the flow variables in the URANS
region and in the LES region are defined in different ways.
Does this pose any problems? Formally it may seem
worrying that the flow variables are filtered in one region
and time averaged in another. On the other hand, how does
equation 1 know if it has been filtered or time averaged?
The answer is it does not. The form of the equation and its
boundary conditions are identical on filtered and time-
averaged form. Actually, the only way equation 1 feels ifits
describing an LES flow or an URANS flow is through vz,
which we expect to be larger in URANS than in LES. But
we cannot know for sure: if a large A in the SGS model is
chosen (i.e. larger than the control volume), vz may well be
large also for LES (Davidson and Peng 2003).
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Figure 1. The LES and URANS region.

However, usually there is a difference in how the
turbulent viscosity is computed in URANS and LES. The
turbulent viscosity can be expressed as vy oc U/, where U
and / denote a characteristic turbulent velocity and length
scale, respectively. In LES, the length scale is related to
the filter width, which is commonly taken as proportional
to a characteristic length of the computational cell.
In URANS, however, the turbulent length scale is obtained
by solving a transport equation (for example an equation
for € or w). Sometimes, as in the URANS region in the
present work, the length scale is taken as being
proportional to the distance from the nearest wall. The
velocity scale in LES is either taken from the strain rate
and the filter width, i.e. (S,jiij)'/ 2A or by solving a transport
equation for the SGS turbulent kinetic energy ke, In
URANS, the turbulent velocity scale is obtained by
solving a transport equation for the turbulent kinetic
energy k.

2.2 Boundary conditions

No-slip conditions are used at the walls and periodic
boundary conditions are used in the spanwise direction (z).
Neumann boundary conditions are used for pressure at all
boundaries. Periodic boundary conditions in the stream-
wise direction (x) are employed in most of the channel
simulations. In one channel simulation and in the diffuser
simulations the inlet condition is taken from a separate
channel DNS at Re, = 500.

The turbulent kinetic energy k; (equation 6) is set to
zero at all walls. Since the inlet value of kr-equation is
unknown, Neumann conditions are used at the inlet, i.e.
dk;/0x = 0. Some tests with k = 0 at the inlet have been
carried out and no noticeable influence on the predictions
was found.

3. The numerical method

Second-order central differencing in space is used
for all terms. An implicit, two-step time-advancement
method is employed for the pressure—velocity coupling.

The discrete form of equation 1 can be written as

a—n+1/2
it =+ AtH(‘?, ‘f'“/z) LU
P 0x;
1 op
— (- AP 3)
P ax;
where H(ui’,‘;lﬂ/ %) includes the convection term, the

driving pressure gradient, the viscous and the turbulent
stresses, and «a = 0.5 (the Crank-Nicolson scheme).
Equation 3 gives u”+ /2 which does not satisfy continuity.
An intermediate Velocity field is computed by subtracting
the implicit part of the pressure gradient, i.e.

n+1/2

- _n+1/2 op

u; = + alAt

“4)

ax,-
Now u”H/ *and p '"H/ in equation 4 are replaced by the
velocity and pressure fields at level (n + 1), i.e. u”“ and
P!, Taking the divergence of equation 4 and requiring
that the face velocities ul”fl (which are obtained by linear
interpolation) satisfy the continuity equation the following
Poisson equation for pressure is obtained
ox;dx; At 9x;

®)

The Poisson equation is solved with an efficient
multigrid method (Emvin 1997). For more details, see
Davidson and Peng (2003).

It should be mentioned that some convergence/oscilla-
tion problems were encountered for the diffuser flow. This
problem was fixed by using slightly implicit time
discretization for the pressure, i.e. @ = 0.7. The Crank-
Nicolson scheme was used for all other terms. These
convergence/oscillation problems are believed to be
related to the inlet boundary conditions (instantaneous
DNS data) used for the diffuser flow.

4. The Hybrid LES-RANS model

A one-equation model is employed in both the URANS
region and LES region which reads

akr J okt
at (] T)—_|:(V+VT)_xj:|
22
+ Py, — Cs% (6)

PkT = 2VT§ij§ij

In the inner region (y = y,,) kr corresponds to RANS
turbulent kinetic energy k; in the outer region (y > y,,) it
corresponds to subgrid-scale kinetic turbulent energy
(ksgs). No special treatment is used in the equations at the
matching plane except that the form of the turbulent
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Table 1. Turbulent viscosities and turbulent length scales in the
URANS and LES regions.
URANS region LES region
/ 2.5n[1 — exp (— 0.2k *n/v)] /=A= V)3
vy 2.5k (1 — exp (—0.014k "*n/v)] 0.07k}3 ¢
C, 1.0 1.07

n denotes the distance to the nearest wall.

viscosity and the turbulent length scale are different in the
two regions, see table 1.

4.1 Forcing conditions

Although much better results are obtained on coarse
meshes compared to LES, conventional zonal hybrid
LES-RANS needs to be improved. First, the method is
sensitive to the location of the interface. Second, ideally,
modelled turbulence in the URANS region should
through the matching plane be transformed to resolved
turbulence. This does not occur and this means that the
LES region is supplied with poor boundary conditions
from the URANS region. Although the flow coming
from the URANS region indeed is unsteady (it is
triggered by the LES region), the resolved flow coming
from the URANS region does not have any proper
turbulent structures. The length scales and time scales of
the unsteadiness in the URANS region are not related to
large-scale turbulence, because a large part of the
turbulence in the URANS region is modelled. Since
near-wall turbulence is characterized by violent low-
speed outward ejections and high-speed in-rushes
(Robinson 1991), it can be expected that it is important
that the characteristics of the turbulent structures are
transferred to the LES region. If real turbulence, for
example from a DNS, were supplied to the LES region
along the interface plane as instantaneous velocity and
pressure, the quality of the LES predictions in the LES
region would—as in usual LES—depend on the SGS
model and the grid resolution. In Baggett (1997) channel
flow DNS was studied, where the computational domain
near one wall was omitted, and along this boundary
exact boundary conditions from a previous DNS were
supplied. As expected results identical to the DNS of the
complete channel were obtained. It was found that the
boundary conditions could be slightly modified without
affecting the predicted results, as long as the structural
information in the boundary conditions was not lost.

In the present work, an improved hybrid LES-RANS
(Dahlstrom 2003, Dahlstrom and Davidson 2003) is
employed in which forcing is applied at the interface.
Sources including turbulent velocity fluctuations are added to
the three momentum equations in the LES region in the cells
adjacent to the interface. The fluctuations u},y, ¥ hns, W pns
are obtained from a channel DNS (Re = 500), in which the
velocity field along the line x = xq, y = y,,; every time step
was stored on disk. Fluctuations uﬁ Dns(X0s Ymi; 2, 1) are used

to compute the source

u/‘,DNSu/Z,DNS
Si = = ¥pt; psttj s OpAn = _VPI'TAV Q)

in the iz; momentum equation. A,, and AV denote the area and
the volume of the control volume respectively, see figure 2,
and vy is a scaling function which is the ratio of the local
modelled turbulent kinetic energy and the turbulent kinetic
energy of the added DNS fluctuations, i.e.

Cyk(xvymlaza 1)

Y, Y 2, 1) = > 5 )
[O'S(MDNS,rms + UDNS,rms + WDNS,rmx)

®)
]

with ¢,, = 0.4. This expression is slightly different from that
used in Dahlstrom (2003), Dahlstrom and Davidson (2003).
The channel predictions with periodic streamwise boundary
conditions are fairly sensitive to how equation 8 is chosen.
However, the channel simulations with inlet/outlet boundary
conditions as well as the diffuser flow are much less sensitive
to the exact form of equation 8.

Taylor’s hypothesis is used to achieve streamwise
variation of the DNS fluctuations in equation 7, i.e.

/ —
MDNS(xaymla 2y t) - uDNS(x()v Ymly %y T)v

7= Mpns(t — (x = x0)/Vs), Vs={i,,)

A low Mpys value gives an increased streamwise
turbulent length scale. In Davidson and Billson (2004)
different values of Mpyg were evaluated, and it was found
that Mpys = 0.25 gave the best result. This Mpys-value
gives a streamwise integral length scale £, of the added
DNS fluctuations which is approximately four times too
large. However, the magnitude of the true £, is similar to
the streamwise grid spacing. It makes no sense adding
fluctuations whose integral length scale is close to the
streamwise length scale (i.e. with L, = Ax), as the
equations cannot respond to a forcing with such a small
length scale. This is probably the reason why the results
are improved when the streamwise integral length scale of
the added fluctuations is increased by a factor of four.

One important difference between the numerical experi-
ment in Baggett (1997) and the present hybrid LES-RANS is
that in the former case the flow equations are not solved for in
the near-wall region, but in the present method, the URANS
equations are solved. Thus, in the present method the
equations in both the LES and URANS regions are allowed to
respond to the added fluctuations in their non-linear fashion.
This is believed to be very important.

4.2 Direct numerical simulations

To generate DNS-fluctuations for the inlet boundary
conditions and the forcing described, a DNS of channel
flow at Re, = 500 was carried out. The finite volume method
presented above was used. A 64 X 64 X 64 mesh was
employed. The extent of the computational domain was
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Figure 2.  Added fluctuations (i}, Up,ys and wy,y) in a control volume
(jr + 1) in the LES region adjacent to the interface.

URANS region A Interface

n

27X 2 X 0.5 (x, y, z). The first near-wall computational
node was located at y ¥ = 0.3 and the geometric stretching
in the y direction was 17%.

The streamwise velocity profile and the resolved RMS
fluctuations are in figure 3 compared with the DNS in
Moser et al. (1999) at Re, = 395 and Re, = 595. As can
be seen, the agreement is reasonable.

Instantaneous data of U, V and W at plane x, are stored at
disk. They are stored during 5000 time steps (occupying
approximately 1GB of disk). These data are used for
prescribing instantaneous inlet data for the channel flow
with inlet/outlet boundary conditions as well as for the
diffuser flow. Instantaneous data along a z line at the
appropriate y * locations are used for the forcing
conditions. When time corresponding to step 5000 is
reached, we cycle through the data backward and so on.

It is believed that these data can be used for forcing at the
interface for a wide range of boundary layers. The turbulence
structure in the inner logarithmic region is only weakly
dependent on Reynolds number. It can be noted that the data
used for forcing at the interface possess realistic structural
information. One aspect of this is shown in figure 4 in which a
scatter plot for quadrant analysis of the ' and v’ fluctuations
aty = 60 is presented. As expected, quadrant 2 (negative i/
and positive v') and quadrant 4 (positive #' and negative v')
are dominating. The events corresponding to these two

20

15

(W u,

10

10° 102
y+

(a) Velocity profile. Lines: present DNS; o: Re_ =
595; +: Re, =395

Figure 3.

quadrants contribute to negative (i/2’) correlation. It can also
be seen that the contribution to — («/'v") is larger for quadrant
2 than for quadrant 4, which is in agreement with other
DNS (Kim er al. 1987) and experiments (Alfredsson and
Johansson 1984).

5. Results

Results from two configurations are presented, namely
channel flow and the flow in an asymmetric diffuser.

5.1 Channel flow simulations

The grids used in the present study are coarse, see table 2,
in order to investigate how well hybrid LES-RANS works
on such grids. The Reynolds number is defined as
Re. = u,6/v, where 6 denotes channel half width and u.,
denotes friction velocity related to the driving pressure
gradient. {-) denotes time, spanwise and streamwise
averaging when periodic streamwise conditions are used.
When inlet/outlet boundary conditions are used in the
streamwise direction, (-) denotes time and spanwise
averaging. In figures 5 and 6 the predicted velocity
profiles from channel flow simulations obtained with
hybrid LES-RANS with and without forcing are
presented. Different locations of the matching plane
are used (y;l = 34, 62 and 126) and different Reynolds
numbers (Re, = 500, 2000 and 4000). Both the LES-
simulations and the hybrid LES-RANS for Re,= 500
yield a laminar solution due to the low Reynolds
number and the poor resolution (figure 6). As can be
seen, the hybrid LES-RANS with forcing conditions
give much better velocity profiles than without forcing
conditions. For y’ = 62 and 126 (figure 5a) and for
Re,=?2000 and 4000 (figure 6a) the agreement is
excellent.

Note that the net force in the streamwise direction
is positive, i.e. S; = —ypA(u| pystth pys) > 0, see
equation 8. In the inner log-law region, the numerical
value of —(u prsith pys)/u> ranges between 0.3 and 0.5.
This force can be seen as a compensation for the fact that

3571

3 F

25 %

2

1.5

0 0.2 0.4 0.6 0.8 1
ylo

(b) RMS fluctuations. Lines: present DNS; markers:
Re, =595

Streamwise (i7) profiles and resolved RMS fluctuations. Lines: present DNS; markers: DNS [24].
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Table 2. Channel flow. x,,,,, = 47, Zpax = .

Re, B.C. Vil i Jmt 7 Ax* Az* ny 1

500 inlet/outlet 0.075 38 17 0.9 196 98 64 1.17
500 Periodic 0.122 60 16 1.10 196 98 64 1.12
2000 Periodic 0.017 34 9 1.13 785 393 64 1.17
2000 Periodic 0.031 62 12 1.14 785 393 64 1.17
2000 Periodic 0.063 126 16 1.15 785 393 64 1.17
4000 Periodic 0.016 64 13 1.15 1571 785 80 1.15

The meshes have 32 cells in streamwise (x) direction and 16 cells in spanwise (z) direction. ny and f, denote number of cells and geometric grid stretching in y direction,
respectively. y,, denotes position of the matching plane between the LES and URANS regions. The j,, — 1 value represents number of cells in one URANS region. The
boundary condition (B.C.) in the streamwise direction is either inlet/outlet or periodic. For the inlet/outlet case Re, = 500 at the inlet.

the streak process consisting of high-speed in-rushes and
low-speed ejections are poorly captured by the turbulence
model in the URANS region. When streamwise periodic
conditions are used (prescribed Re,), this means that the
wall shear stress at the walls will not be balanced by
the driving pressure gradient, but now the global
momentum balance together with the forcing condition
reads (equation 1 with B =1 integrated from (0,0,0) to
(xmaxa 26, Zmax))

/ /
28X maxZmax — Y <u1 ,DNsuz,DNs>28xmameax

= T,y20XmaxZmax

(10)

Since —(u) pystty pys) > 0, we get 7, = pui,, > 1. The
friction velocity u.,, is given in table 2. When inlet/outlet
boundary conditions are used, the situation is slightly
different since in this case it is the mass flow which is
prescribed (Re;) and the friction velocity (Re,) is part of
the solution. Figures 7 and 8 present the three terms in the
averaged streamwise momentum equation, the total
(viscous plus turbulent) diffusion term, the pressure
gradient and the Reynolds stress. Note that all terms are
scaled with 7, = puivw. As can be seen, with forcing
conditions (figures 7a and 8a), the added momentum force
Sy is taken up by the diffusion term and the added

[T —

U’/ UT'IYLS

/u',/urms

Figure 4. Scatter plot of #’ and ¢/ fluctuations at y * = 60. Present DNS.

momentum is transported to the wall to satisfy equation 10.
This takes place for both types of streamwise boundary
conditions (periodic or inlet/outlet). The jump in the
diffusion profile corresponds to the added momentum
source S;. The jump—and thus S;—is slightly larger for
the periodic case (y;;l = 62) mainly because the matching
planes are located at different locations and —{u),ys0 pys)
is larger at y ¥ = 62 than at y 7 = 38.

The added fluctuations also act as an additional
production term —O.5<'yu;~ DNS”IZ, pys)/Ay in the equation
for the resolved turbulent kinetic energy, the 0.5(u/u})
equation. The additional production term is large
compared to the local resolved production, see figure 9a,
even though the correlation between the added DNS
fluctuations and the resolved fluctuations is very weak, see
figure 9b. For example, the correlation coefficient between
the streamwise DNS fluctuation and the resolved wall-
normal fluctuation is ujys?') /(Upns, rmsVrms) = 0.078. The
kink in the profile of the resolved production in figure 9a
stems from the kink in the shear stress profiles (u'v'), see
figures 7a and 8a.

The added DNS fluctuations thus act as a source both in
the momentum equations and the resolved turbulent
kinetic energy. This is contrary to the method in Piomelli
et al. (2003), where white noise was added in the interface
region. Their source to the turbulent kinetic energy was
substantial but the source to the momentum equation was
negligible.

In figure 10a the resolved and modelled turbulent
kinetic energies are shown. One interesting feature should
be noticed first: the resolved, turbulent kinetic energy is,
when going from the URANS region to the LES region
across the matching plane (located at y/6 = 0.031, see
table 2), reduced when forcing conditions are used. This
does not happen when no forcing conditions are used. The
ratio of resolved and modelled shear stress, on the other
hand, is in the LES region larger with forcing conditions
than without, see figures 7 and 8. This indicates that some
structural information is imposed on the turbulence by the
forcing conditions, and that the added DNS fluctuations
increase the correlation between the resolved fluctuations.
The larger shear stress gradient with forcing conditions
increase the momentum transport toward the center, which
prevents the over-prediction of the velocity in the center
which is seen for the non-forcing case, see figures 5 and 6.
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(a) With forcing conditions.

(b) Without forcing conditions.

Figure 5. (i) profiles. Re, = 2000. Streamwise periodic boundary conditions. Interface plane at different locations. Solid lines: y;\, = 34; dashed lines:
¥, = 62; dash-dotted lines: y;!, = 126; O: present DNS; +: 2.5 In(y ") + 5.2.

The turbulent viscosities in the LES region are large
(figure 10b), much larger than in a wall-resolved LES.
It can be noted that the turbulent viscosity in the URANS
region is not much larger than in the LES region. It is also
seen that the ratio (v7)/v increases for increasing Reynolds
number which is to be expected.

In figure 11 the RMS fluctuations are presented.
Again, it is seen that the RMS fluctuations with forcing
conditions decrease in the LES region compared to the
URANS region (at least the streamwise and the
spanwise). The peaks of the u,,, and w,,, profiles are
located close to the matching plane. The corresponding
peaks for the non-forcing case are located far out in the
LES region. The v,,,, profiles for the forcing and non-
forcing case are fairly similar, except that the peak is
somewhat larger for the forcing case. Hence, it seems
that the added DNS fluctuations influence the # and w
equations such that realistic resolved u,,,, and w,,, are
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(a) With forcing conditions.

obtained, but not so for v,,,. The reason for this is not
clear. When comparing turbulent quantities for the
forcing and the non-forcing case, it should be recalled
that all turbulent quantities have been scales with u.,,
which is one for the non-forcing case, but is larger than
one for the forcing case (see table 2).

A drawback with hybrid LES-RANS which has not
been mentioned is that the total RMS fluctuations, i.e. the
modelled plus the resolved, are much too large, see
figures 10a and 11. Usually this is no big issue, since in
most applications it is sufficiency if the mean flow
quantities are well predicted.

5.2 Diffuser flow simulations

The configuration is an asymmetric plane diffuser, see
figure 12, with Reynolds number Re = U, ;,H/v = 18,000
(Up,in = H=1). The opening angle is 10°. Instantaneous
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(b) Without forcing conditions.

Figure 6. (@) profiles. Streamwise periodic boundary conditions. y;, = 60. Solid line: Re, = 500; dashed line: Re,=2000; dash-dotted line:
Re.,. = 4000; dotted line [in figure b)]: LES at Re, = 2000; O: present DNS; + : 2.5 In(y 7) + 5.2.
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Figure 7.

(—uv")/ uﬁ_w; + (v + vr)ou/dy)/ uf_’w; dashed lines: streamwise pressure gradient and 7, /u

inlet boundary conditions are prescribed using the present
channel DNS (figure 3) and convective boundary
conditions are used at the outlet. Periodic boundary
conditions are prescribed in the spanwise direction. The
mesh has 256 X 64 X 32 (x, y, z) cells (body-fitted,
structured, nearly orthogonal mesh), which gives a
spanwise resolution at the inlet of Az ¥ = 120. The CPU
time is approximately 12s per time step on a Linux PC
(AMD 2200+ ). A time step of 0.04 is used (CFL,,,, = 1)
and to reach convergence two global iterations are needed
at each time step. The discretized equations are
consider to have converged when the residual
€p(€p =Y censRHS — LHS|), scaled with the total
inflow of wvariable & is smaller than 0.001
(® = 1[continuity], &z, 2, orw). A typical run restarts
from a previous calculation; 15,000 times steps are used
to get fully developed flow and statistics is then gathered
for another 15,000 times steps.

Figure 13 presents the velocity profiles. The agreement
is good, both with and without forcing conditions. Both
models slightly underpredict the peak in the region
14H < x < 20H. Furthermore, it can be seen that at
x = 6H the flow predicted without forcing conditions the

0 0.1 0.2 0.3 0.4 0.5
yld

(a) With forcing conditions.
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(b) Without forcing conditions.

Terms in the (@) equation. Re,= 500, y! = 38. Inlet/outlet boundary conditions in streamwise direction. Solid line:

2

we

peak velocity is slightly overpredicted and consequently
the separation is predicted too early. Consequently the
re-attachment takes place earlier without than with forcing
conditions, and the recovery of the boundary is
fortuitously better predicted without than with forcing
conditions. Still, considering the poor predictions obtained
without forcing conditions for the channel flow simu-
lations, the predictions of the diffuser flow without forcing
conditions are surprisingly good. The reason is probably
that the flow is supplied with proper turbulent structures at
the inlet (the channel DNS fluctuations), and these
turbulent structures are still present in the flow when it
enters the diffuser region.

In figure 14 the velocity profiles computed with pure LES
with a one-equation SGS model are presented. The velocity
profiles in the entrance of the diffuser are very poor. However,
further downstream the LES-results agree well with
experiments, but this must be regarded as purely coincidental,
considering the very poor predictions further upstream.

The location of the matching plane is chosen at the inlet
at y' =34 (both for lower and upper wall). This
corresponds to ten cells in the upper and lower URANS
regions. Downstream, the location of the matching plane
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e
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(b) Without forcing conditions.

Figure 8. Termsin the (i) equation. Re, = 2000, y;", = 62. Streamwise periodic boundary conditions. Solid line: { — u’v’)/ui,w; +:{(v+ VT)Eiﬁ/E)y)/uiw;

2

we

dashed lines: streamwise pressure gradient and 7, /u
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Figure 9. Channel flow. Re, = 2000. Streamwise periodic boundary conditions with forcing conditions. y;\; = 62.

is computed by requiring that the volume flow rate in the direction), i.e.

URANS region should be the same at all x. For the lower Jmlik

wall j,,;; is computed from Ub inkYmi,in Az = Z (fteAex + DeAey) (12)
2

The location of the matching plane near the lower and
_ _ upper wall at one instant computed from equation 11 is
UbinYymtinZmax = Z Z (lteAex + DeAey) AD " shownin figure 15 (actually j,,;; is computed by taking the

22 averaging of the three last time steps).

The predicted pressure coefficients in figure 16a are
where nk — 2 is the number of cells in the spanwise (z) well in agreement with experiments in the first part of the
direction. j,; — 1 is the number of cells in the URANS expansion. Further downstream the predicted C, is too
region near the lower wall and A, , and A, , are the x and y large. Also the pressure coefficient predicted in Kalten-
component of the east (i.e. i + 1/2) surface area of a  bach ef al. (1999) is in this region slightly higher than the
control volume (A, = [Afﬁx —i—Ag‘y]l/ 2). Unless otherwise experimental values (but smaller than the present
stated, the location of the matching plane is computed as predictions). It is suggested in Kaltenbach er al. (1999)
described above. that part of the discrepancy can be attributed to three-

For a configuration, where the spanwise direction is not dimensional effects in the middle part of the expansion,
a homogeneous one, this can be done locally for each k giving bulk velocities in the center plane which are some
(k denotes the control volume index in the spanwise 5% too high.

nk—1 Jmii
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(a) Re, = 2000. Turbulent kinetic energy scaled (b) Turbulent viscosity. Solid lines: Re, = 2000;
with % Solid lines: modelled; dashed lines: dashed lines: Re, = 4000.

resolved.

Figure 10. Channel flow. Streamwise periodic boundary conditions. y, = 60. Thin lines: with forcing conditions; thick lines: without forcing
conditions.
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(b) Without forcing conditions.

Channel flow. Resolved RMS fluctuations scaled with u.. ,, at Re, = 2000. Solid lines: streamwise; dashed lines: wall-normal; dash-dotted:
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Figure 12.
at the lower wall at the entrance of the diffuser.

Figure 16b shows that the predicted recirculation region
along the lower wall is too strong compared with
experiments. The predicted skin friction goes negative at
x/H = 1.5 and assumes positive value at x/H = 32.5. For
x/H > 20, the predicted skin friction along the lower wall
agrees well with experiments. At the upper wall the
predicted skin friction agrees well except at the start of the
expansion.

The predicted shear stresses, both resolved and
modelled, are compared with experiments in figure 17.
In the beginning of the expansion the predicted stresses
near the lower wall are much large. The magnitude of the

Js

z=27TH 30 34 40

Figure 13. Diffuser. (@)/Up;n profiles. Solid lines: with forcing
conditions; dashed lines: without forcing conditions; markers:
experiments (Buice and Eaton 1997).

Plane asymmetric diffuser (not to scale). L; = 7.9H, L = 21H, L, = 28H. The spanwise width is z;,,x = 4H. The origin of x —y — z is

modelled shear stresses at x/H = 3 and x/H = 6 is similar
to that in the experiments, but the resolved stresses are
approximately twice as large as the experimental values.
It may seem somewhat surprising that the predicted shear
stresses are that different from the experimental ones, and
still the agreement between the predicted and velocities is
that good. The reason is that in regions, where the resolved
stress is large, it is not a dominating term. For example at
x/H = 3, at the y location of maximum shear stress the
advective term (@)0(ir)/0x is three times larger than the
y-gradient of the resolved shear stress and the magnitude
of the pressure gradient dp/dx is similar to that of

z=27TH 30 34 40 47H

Figure 14. Diffuser. (@)/U,;, profiles. LES with a one-equation g,
model. Solid lines: LES; markers: experiments (Buice and Eaton 1997).
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Figure 15. Location of matching planes at one instant.

—0(u/v')/dy. From x/H = 13 and downstream the agree-
ment between predicted and experimental shear stresses is
much better. It is interesting to note that in the separation
region along the lower wall, the modelled stress dominate
whereas, outside the separation region the resolved stress
is much larger than the modelled one.

Figure 18 shows the turbulent viscosities. The
magnitudes of v;/v are quite large. For example, the
peak value at x/H = 20 iS vy, /v = 380, which is similar
to what has been found in RANS computations (Apsley
and Leschziner 1999). This can be compared with the peak
value in the straight channel at x = — 7H (upstream of the
diffuser part) where vr,.x/v = 12. The high values of vy
was expected, of course, considering that the larger part of
the turbulence in this region is modelled rather than
resolved. In the well-resolved LES of the asymmetric
diffuser presented in Kaltenbach et al. (1999) the ratio
Vyes/ v did not exceed 5 in the recirculation region.

All results presented so far have been obtained by
defining the location according to equation 11. One side
effect of this definition is that the larger part of the
separation region is treated in URANS mode. In the
Introduction, it was explained that large turbulent scales
are usually conveniently captured by LES. The separation
is indeed dominated by large scales which we would like
to cover with the LES region. Figure 19 presents
predictions in which the matching plane has been set to
a constant grid line at both upper and lower wall. At the
inlet y ¥ = 34 (corresponds to y/H = 0.032) which gives
10 ten cells in the wall-normal direction in each URANS
region. The relative height of each URANS region is
constant for every x, i.e. |y, — Ywanl/A(x) is approxi-
mately constant (h(x) denotes the local height of the
diffuser). In this way the separation region is covered by

-20 0 20 40 60
z/H

(a) Pressure coefficient.

the LES region. As can be seen from figure 19 the results
are poor. When forcing is used at the matching plane,
slightly better results are obtained, but the agreement with
experiments is still poor.

6. Concluding remarks

Hybrid LES-RANS has been used for simulating the flow
in a plane channel and an asymmetric diffuser. One
problem in standard hybrid LES-RANS is that the
turbulent structural information supplied by the URANS
region to the LES region across the matching plane is
very poor. To solve this problem a new approach in which
turbulent fluctuations are added at the interface (forcing
conditions) was investigated in the present study.

It was found that the fully developed flow in channels is
well predicted by hybrid LES-RANS when forcing
conditions were used. Without forcing conditions, the
results were not that good, but still much better than LES.

The diffuser flow was fairly well predicted both with
and without forcing conditions. In Apsley and Leschziner
(1999) this flow was investigated evaluating different
RANS models (linear and non-linear eddy-viscosity
models as well as Reynolds stress transport models).
The agreement between the present hybrid LES-RANS
(with location of matching plane defined from equation
11) and experiments is better than for most RANS models
investigated in Apsley and Leschziner (1999). Further-
more, the recovery of the boundary layer is also much
better predicted with hybrid LES-RANS compared to the
RANS predictions Apsley and Leschziner (1999). It is
very difficult to accurately predict the recovery rate with
RANS. It should of course be kept in mind that three-
dimensional, time-dependent hybrid LES-RANS simu-
lations require orders of magnitudes more CPU time than
2D RANS.

In the present study, the added turbulent fluctuations
were taken from a DNS simulation of a generic boundary

+ e + o+

60 80

z/H

(b) Friction coefficient.

Figure 16. Diffuser. Pressure and skin coefficients. Forcing conditions. Solid line: lower wall; dashed lines: upper wall; markers: experiments

(Buice and Eaton 1997).
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z=27TH 34 40 47H

Figure 17. Diffuser. Profiles of turbulent shear stresses. Forcing
conditions. Solid lines: resolved { — 1/'v/)/U3 ,,; dashed lines: modelled

2 Vf§12>/Ui‘in' The lower profiles have been multiplied by two.

r=3H 6 17 20 24H

z=27TH 30 40 47H

Figure 18. Diffuser. Turbulent viscosity (v7)/v. Solid lines: with
forcing; dashed lines: without forcing.

layer. As an alternative, turbulent instantaneous fluctu-
ations can be generated assuming isotropic turbulence
with a modified von Karman spectrum. This approach is
investigated in Davidson and Billson (2004).

z=27H 30 34 40 47H

Figure 19. Diffuser. (ir)/ Uy, profiles. Matching plane fixed at one grid
line. Solid lines: with forcing conditions; dashed lines: without forcing
conditions; markers: experiments (Buice and Eaton 1997).
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