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Abstract — Developing boundary layer flow and the flow over a backwantiffg step are studied here. The LRN
PANS k£ — ¢ [1] and the WALE turbulence model [2] are used as SGS moddie FANS (Partially Averaged-
Navier-Stokes) modelling approach [3, 4] is a modified- ¢ model that can operate in both RANS and LES
mode. An extension of PANS based on a four-equatiere — ¢ — f model was recently proposed [5]. Synthetic,
anisotropic, turbulent fluctuations are prescribed at thet ito trigger the momentum equations into turbulence-
resolving mode. The effect of the amplitude of the synthffdictuations is investigated. Different valuesfafare
used. Two different discretization approaches are contpa@% central differencing (CDS) a#5% CDS and
5% van Leer second-order bounded upwinding scheme. One 2D RiNdation using thé — w SST model is
made for the backstep flow. A detailed comparison is madedmiveD RANS and PANS including an analysis
of the balancing terms in the momentum and temperature eqsat

1. The LRN PANSFk — ¢ turbulence model
The Low-Reynolds-Number partially averaged Navier-SsodeRN PANS) turbulence model

reads [1]
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o = 1.4,aa —14,C. =15,Cy =1.9,C, = 0.09, f. = 1

In the baseline modef,, = 0.4. The damping functions are defined as
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It may be noted that PANS is very similar to PITM [6] (Partydihtegrated Transport Model);
also in PITM theC'., coefficient is reduced when going into turbulence resolviragle.

2. Numerical method

An incompressible, finite volume code is used [7]. The cotivederms in the momentum
equations are discretized in two different ways: eitherepentral differencing (CDS) or 95%
central differencing and 5% second-order bounded upwineie used (van Leer [8]). Unless
otherwise stated, the latter method is used.
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Figure 1. Computational domains.
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Figure 2: Inlet fluctuation and two-point correlations farumdary layer and backstep flow.

3. Results
3.1. Boundary layer flow

The inlet Reynolds number Bey = 3 600, which corresponds t&e; = Uyeedin /v = 28 000.
The inlet height,é;,, see Fig. 1, is covered by5 cells. The grid ha$6 x 96 x 64 cells
in the streamwisex(), wall-normal ¢) and spanwisez{ direction, respectively. A geometric
stretching ofl.12 is used up ta;/d;, ~ 1; above this point, the stretchingi015. The height
of the cell adjacent to the wall i&y = 0.000586,,. The inlet velocity is set to one, so that
v = 1/Re;s.

A precursor RANS using the AKN model is carried out, from Whi€z4ns, Vrans and
krans are obtained afte, = 3600. As an alternative, the inlet mean profile is taken from
DNS [9]. The time-varying inlet velocities are then com@Uesii;, = Urans + Uy Vin =
VRANS + Uiy Win = Wy, Whereu; ., denotes anisotropic synthetic fluctuations that were
obtained using the same procedure as in [10]. In the presakt wontrary to [10], the synthetic
fluctuations are scaled Witk ans/krans.maz- The inlet modelled turbulent kinetic energy and

its dissipation are computed &s, = fikrans, cm = Co k2 [loger ligs = CsA, A =
V1/3[10]. Different values of”; are investigated; the baseline valu&€is= 0.05.

Figure 2a presents the resolved Reynolds stresses gahbyetee synthetic inlet fluctuations
for the backstep flow and the boundary layer flow. The two-poamrelations at the inlet and

at x = 36 are shown in Fig. 2b; the integral length scale was set.26;, when the inlet
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Figure 3: Boundary layer. Skin friction and velocity pro§ileBaselinel;,, from DNS.
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Figure 4: Boundary layer. Reynolds stresses. Markers: DNIS |

fluctuations were generated which agrees well with the caetpuntegral length scale.

The velocity profiles are presented in Fig. 3a at three difiesstreamwise positions. The
agreement with the DNS data [9] is very good. The skin frictadso agrees well with exper-
iments. Two sets of experimental; are shown: the inle€’; is taken from the RANS AKN
simulation for the upper red markers and from DNS for the lomearkers. As can be seen, the
RANS AKN model overpredicts the skin friction by som2%. Note that the baseline values
in Fig. 3b are 1) inlet mean profile from DNS, 2}, = 0.05 and 3)95% CDS and5% van
Leer. As can be seen, the skin friction reaches a correcewalthin 5% atz ~ ¢ for all cases.
Cy decreases for > ¢ because it is approaching its fully developed value, whichmaller
than the theoretical value. This behavior is similar to thafully developed flow [1], where
the LRN PANS model predicts too high a centerline velocitijeh is equivalent to too low a
skin friction. The amplitude of the inlet fluctuations hadyoa small effect; as expected, large
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Figure 5: Backstep flow. Skin friction and Stanton number. : PANS;---: PANS, 50%

smaller inlet fluctuations;. - : WALE; e: PANS, no inlet fluctuations;--: 2D RANS;o,e:
experiments [11].

fluctuations generate large skin friction near the inlet.iderease of”’, from 0.05to C; = 0.07
(blue, dashed line) dampens the fluctuations. This is reddensince an increase @ gives a
smaller inlet dissipation and hence a greater turbulemogisy.

Figure 4 shows the resolved turbulent fluctuations. Basedittings are used. The devel-
opment can be seen in Fig. 4a; Fig. 4b shows the fluctuatiotng a&nd of the domain. It can
be seen that, already at one boundary layer thickness d@ansof the inlet, the predicted re-
solved turbulent fluctuations are quite reasonable. Theemgent with DNS in Fig. 4b is good,
although the predicted fluctuations are somewhat too lowfor 600.

3.2. Backstep flow

The Reynolds number iRey = 28000, and the experiments were carried out by Vogel &
Eaton [11]. The grid ha836 x 152 x 64 cells in the streamwiser{, wall-normal ;) and
spanwise £) directions, respectively (see Fig. 1b). The step is cayesed6 x 52 cells in the
streamwise and wall-normal directions. The inlet boundayers at the upper wall and the step
are covered by5 cells; the grid is stretched by.12 for 1 < y/H < 3 (the same as in the
boundary layer simulations); the grid above the step is sgtrimaroundy = 3H. A constant
grid spacing is used in the direction in—4.6 < x/H < —0.27 with Az/H ~ 0.05 (the
same as in the boundary layer simulations); the grid is géiocaly compressed b.89 in the
region—0.27 < x/H < 0. The extent of the domain in the spanwise directioh.¢d7. In the
recirculation region, the mesh is taken from [12].

The inlet mean profile is taken from a 2D RANS AKN simulatidmgsame as in the bound-
ary layer simulations). The inlet fluctuations are also thme as in Section 3.1. For the tem-
perature, the inlet profile is= 0 (constant in both space and time). At the lower wally at 0,

a constant heat flux,,, is set forr > 0. The inlet velocity is set to one, so that= 1/ Rey,.

LES simulations were carried out using PANS and WALE [2]. lashof the simulations, a
95% central differencing scheme (CDS) ab van Leer were used for the momentum equa-
tions; this is the baseline option. The influence of inlettilations,100% CDS andf; will
also be presented. The turbulent Prandtl number in the teatye equation was set €07; the
effect of reducing it td).4 will be shown. One RANS simulation using— w SST was also
made; the turbulent Prandtl number was sei.fo

Figure 5 shows the skin friction and the Stanton number; lgof the velocity and the
streamwise resolved fluctuations are presented in Figsd& afVithout inlet fluctuations, we
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Figure 6: Backstep flow. Velocities. For legend, see Fig. 5.
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Figure 8: Backstep flow. Turbulent viscosity.— : PANS; - : PANS, 50% smaller inlet

fluctuations;- . - : WALE; e: PANS, no inlet fluctuations;--: 2D RANS (these values have
been divided by a factor af0).

obtain much too low a skin friction (Fig. 5a) and very smalitifvally zero) resolved streamwise
fluctuations (Fig. 7a) upstream of the step. The peak of taat8h number is somewhat too
small and too high downstream of the recirculation region.

The PANS and the WALE models give very similar results, bat $tanton number in the
recirculation region is somewhat better predicted withRPA&S model.

When the amplitude of the inlet fluctuations in the PANS sattiohs is reduced b§0%,
the resolved fluctuations and the skin friction are, as etqekaeduced upstream of the step.
Otherwise, the amplitude of the inlet fluctuations has ordynall effect on the predictions.

Two-dimensional RANS simulations were also carried oute Phnedicted recirculation is
slightly too strong. The peak in the Stanton number is wedtaged, but the velocity profiles
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Figure 9: Fraction of timey, when the flow along the bottom wall is in the downstream direc
tion. For legend, see Fig. 5.
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Figure 10: Backstep flow. Skin friction and Stanton numbe&NB. — : 100% CDS; - - -:
100% CDS, 50% smaller inlet fluctuationse: f, = 0.3; - -: fr = 0.5; ---: Pr; = 0.4; o,e:

experiments [11].

show that the recovery rate after the recirculation regsimo slow; this is probably the reason
for the too largeSt number in the recovery region.

Figure 8 presents turbulent viscosities (note that the RANSiles have been scaled with
a factor of10). It can be seen that the RANS viscosities downstream the &t an order
of magnitude larger than the LES values; upstream of thetkpare more than two orders
larger. The WALE model predicts a turbulent viscosity traimuch smaller than the PANS
model does.

Figure 9 shows the fraction of time when the flow at the bottoaf 18 positive, i.e.u > 0.
As can be seen, all simulations give similar results, thenrddference being that the simulation
without inlet fluctuations exhibits lower fraction of forwgaflow in the downstream part of the
recirculation region. The agreement with experiment isdydb is interesting that even at the
location of the strongest backflow: (~ 3H), the flow is during5 — 10% of the time in the
downstream direction. At the reattachment poii,H < = < 7H, the fraction of time that the
flow is in the positiver direction is approximatel$0%. It can also be noted that immediately
after the stepA = 0), theu velocity is positive duringg0% of the time.
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Figures 10-12 show the influence tf0% CDS, f;. and turbulent Prandtl number. Because
of smaller numerical dissipatiom()0% CDS gives slightly larger resolved fluctuations and skin
friction upstream of the step compared%& CDS and>% van Leer, see Figs. 5 and 7. This
results in a small displacement of the recirculation regaod a small increase in the Stanton
number. The effect of decrease/decreasg.irs small, especially upstream of the step, where
it has no effect at all. The reason is that the turbulent \@ggas very small upstream of the
step, see Fig. 8. In the recirculation region, the changé &s expected: a larger/smallér
decreases/increases the resolved fluctuations becawmg@fsmaller turbulent viscosity. One
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Figure 14: Backstep flow. Shear stresses. 2D RANS. For legerdFig. 13.
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Figure 16: Backstep flow. Terms in tkie) equation. 2D RANS. For legend, see Fig. 15.

simulation with a reduced Prandtl number (it is reduced fi@m= 0.7 to Pr; = 0.4) is shown
in Fig. 10b. As expected, the heat transfer is increased.

Figures 13-20 present some detailed comparisons betwesetiia PANS and 2D RANS.
Figures 13 and 14 present the resolved, modelled and vistmas stresses in the recirculation
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region and the recovery region. It can be noted that the ntextigirbulent shear stress obtained
with the RANS simulation in the recirculation region has thiong sign close to the wall
(y/H < 0.04); the incorrect sign of the turbulent shear stress is alsil when comparing
the balance terms in Figs 15a and 16a. The total shear stredisted with the PANS model
in the outer region is larger than that predicted with the F5ANodel, both in the recirculation
region and in the recovery region. Looking at the turbuldmdas stress in the recovery region,
it can be seen that the boundary layer is thinner in RANS thaPANS. This explains why
the turbulent diffusion terms are larger in RANS than in PA($8e Figs. 15b and 16b). The
small turbulent shear stress predicted by RANS may explanstow recovery rate and the
thin boundary layer in the RANS simulation. It should be kiepiind, however, that it is not
straightforward to compare predicted stresses in two satianis when the velocity fields are
different; this difference in itself generates differemttiulent shear stresses.

Figures 17 and 18 show the turbulent and viscous heat fluxssikdng difference from the
shear stresses in Figs. 13 and 14 is that the difference batthe two locations (the recircu-
lation region and the recovery region) is very small for tleahfluxes but large in the case of
the shear stresses. The reason is of course that the hehtimg lower wall creates tempera-
tures that decrease for increasin@t all z. The velocity profiles have a much more irregular
behavior because of the recirculation region. FurtherneA&S and RANS predict heat fluxes
that are much more similar than is the case for the shearsssgbowever, it can be seen that
the thermal boundary layer is thinner in RANS than in PANScd&ese of the thinner thermal
boundary layer, the gradients of the diffusion fluxes are mlacger in RANS than in PANS.
This is also seen by the terms in the temperature equatienkigs. 19 and 20. Comparing
the balance equations of velocity (Figs.15 and 16) and tesyre (Figs.19 and 20), it can be
seen that the contribution of the convective fluxes is muchllemin the temperature equation
than in the velocity equation. The reason is probably thatctinvection terms in the velocity
equation play an important role in balancing the pressuadignt.

4. Conclusions

LES has been made of boundary layer flow and backstep flow;atker flow included heat
transfer. The LRN PANS (with the baseline valfie= 0.4) was used for both flows, and the
WALE model was used for the backstep flow. Both models wereatestnated to give good
agreement with experiments.

Synthetic anisotropic fluctuations were used to genera@lved turbulence near the inlet.
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The sensitivity to their amplitude was investigated andasviound to be rather low. In the back-
step flow, the synthetic fluctuations were omitted altogetinene simulation. As expected, the
resolved turbulence upstream the step was zero, and thérgkion was much too low. How-
ever, downstream of the step, instabilities created resbturbulence that was in surprisingly
good agreement with experiments. Nevertheless, the pegtiweall heat transfer was less well
predicted compared to when synthetic inlet fluctuationsevesed.

Different values off;, (f, = 0.3 and0.5) were used; the change fip was found to have only
a small effect on the predictions.

The PANS backstep simulations were compared in some deithil2l0 RANS using the
k—w SST model. It was found that the modelled turbulent sheassin the RANS simulations
was mostly smaller than the total (resolved and modelledjulent shear stress in the PANS
simulations. The different terms in the velocity and tenapere equation were analyzed. Near
the wall, the turbulent shear stress balanced the viscoemr Sitress; the streamwise pressure
gradient played a rather important role in the recirculatiegion, but it was smaller than the
diffusion terms. Next, the diffusion terms (viscous andtuent heat fluxes) in the temperature
equation were analyzed. It was found that the terms in the $ANhulation and the RANS
simulation were much more similar than in the velocity egquat As was the case for the
velocity equation, the diffusion terms (viscous and tuegmtiheat fluxes) were the largest terms.
One difference, however, was that the convection terms wereh smaller in the temperature
eqguation than in the velocity equation. The reason is prigtthht, in the velocity equation, the
convection terms have to support the diffusion terms torizdahe pressure gradient.

As mentioned above, PANS and WALE give very similar resutsth in mean flow and
resolved fluctuations. Nevertheless, the predicted teriiwiscosities differ rather much (PANS
gives values which are more than a factor of five larger thaLBJAThe similarity in predicted
results makes sense in one aspect: the modelled turbukenegligible (except in the near-wall
region) compared to the resolved turbulence. On the otheal ltas somewhat surprising that
the flow is that insensitive to the turbulent viscosity, hesmthe SGS dissipation predicted by
the two models should also — as the turbulent viscosity -ediff a factor of five.
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