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Abstract — Developing boundary layer flow and the flow over a backward-facing step are studied here. The LRN

PANS k − ε [1] and the WALE turbulence model [2] are used as SGS models. The PANS (Partially Averaged-

Navier-Stokes) modelling approach [3, 4] is a modified k − ε model that can operate in both RANS and LES

mode. An extension of PANS based on a four-equation k− ε− ζ − f model was recently proposed [5]. Synthetic,

anisotropic, turbulent fluctuations are prescribed at the inlet to trigger the momentum equations into turbulence-

resolving mode. The effect of the amplitude of the synthetic fluctuations is investigated. Different values of fk are

used. Two different discretization approaches are compared: 100% central differencing (CDS) or 95% CDS and

5% van Leer second-order bounded upwinding scheme. One 2D RANS simulation using the k − ω SST model is

made for the backstep flow. A detailed comparison is made between 2D RANS and PANS including an analysis

of the balancing terms in the momentum and temperature equations.

1. The LRN PANS k − ε turbulence model

The Low-Reynolds-Number partially averaged Navier-Stokes (LRN PANS) turbulence model

reads [1]
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In the baseline model, fk = 0.4. The damping functions are defined as
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It may be noted that PANS is very similar to PITM [6] (Partially Integrated Transport Model);

also in PITM the Cε2 coefficient is reduced when going into turbulence resolving mode.

2. Numerical method

An incompressible, finite volume code is used [7]. The convective terms in the momentum

equations are discretized in two different ways: either pure central differencing (CDS) or 95%

central differencing and 5% second-order bounded upwinding are 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 for boundary layer and backstep flow.

3. Results

3.1. Boundary layer flow

The inlet Reynolds number is Reθ = 3 600, which corresponds to Reδ = Ufreeδin/ν ≃ 28 000.

The inlet height, δin, see Fig. 1, is covered by 45 cells. The grid has 66 × 96 × 64 cells

in the streamwise (x), wall-normal (y) and spanwise (z) direction, respectively. A geometric

stretching of 1.12 is used up to y/δin ≃ 1; above this point, the stretching is 1.015. The height

of the cell adjacent to the wall is ∆y = 0.00058δin. The inlet velocity is set to one, so that

ν = 1/Reδ.
A precursor RANS using the AKN model is carried out, from which URANS , VRANS and

kRANS are obtained at Reθ = 3 600. As an alternative, the inlet mean profile is taken from

DNS [9]. The time-varying inlet velocities are then computed as ūin = URANS + u′

synt, v̄in =
VRANS + v′synt, w̄in = w′

synt, where u′

i,synt denotes anisotropic synthetic fluctuations that were

obtained using the same procedure as in [10]. In the present work, contrary to [10], the synthetic

fluctuations are scaled with kRANS/kRANS,max. The inlet modelled turbulent kinetic energy and

its dissipation are computed as kin = fkkRANS , εin = C
3/4
µ k

3/2
in /ℓsgs, ℓsgs = Cs∆, ∆ =

V 1/3 [10]. Different values of Cs are investigated; the baseline value is Cs = 0.05.

Figure 2a presents the resolved Reynolds stresses generated by the synthetic inlet fluctuations

for the backstep flow and the boundary layer flow. The two-point correlations at the inlet and

at x = 3δ are shown in Fig. 2b; the integral length scale was set to 0.2δin when the inlet
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Figure 3: Boundary layer. Skin friction and velocity profiles. Baseline: Uin from DNS.
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Figure 4: Boundary layer. Reynolds stresses. Markers: DNS [9]

fluctuations were generated which agrees well with the computed integral length scale.

The velocity profiles are presented in Fig. 3a at three different streamwise positions. The

agreement with the DNS data [9] is very good. The skin friction also agrees well with exper-

iments. Two sets of experimental Cf are shown: the inlet Cf is taken from the RANS AKN

simulation for the upper red markers and from DNS for the lower markers. As can be seen, the

RANS AKN model overpredicts the skin friction by some 12%. Note that the baseline values

in Fig. 3b are 1) inlet mean profile from DNS, 2) Cs = 0.05 and 3) 95% CDS and 5% van

Leer. As can be seen, the skin friction reaches a correct value within 5% at x ≃ δ for all cases.

Cf decreases for x > δ because it is approaching its fully developed value, which is smaller

than the theoretical value. This behavior is similar to that in fully developed flow [1], where

the LRN PANS model predicts too high a centerline velocity, which is equivalent to too low a

skin friction. The amplitude of the inlet fluctuations has only a 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; •: PANS, no inlet fluctuations; : 2D RANS; ◦,•:

experiments [11].

fluctuations generate large skin friction near the inlet. An increase of Cs from 0.05 to Cs = 0.07
(blue, dashed line) dampens the fluctuations. This is reasonable, since an increase in Cs gives a

smaller inlet dissipation and hence a greater turbulent viscosity.

Figure 4 shows the resolved turbulent fluctuations. Baseline settings are used. The devel-

opment can be seen in Fig. 4a; Fig. 4b shows the fluctuations at the end of the domain. It can

be seen that, already at one boundary layer thickness downstream of the inlet, the predicted re-

solved turbulent fluctuations are quite reasonable. The agreement with DNS in Fig. 4b is good,

although the predicted fluctuations are somewhat too low for y+ > 600.

3.2. Backstep flow

The Reynolds number is ReH = 28 000, and the experiments were carried out by Vogel &

Eaton [11]. The grid has 336 × 152 × 64 cells in the streamwise (x), wall-normal (y) and

spanwise (z) directions, respectively (see Fig. 1b). The step is covered by 96 × 52 cells in the

streamwise and wall-normal directions. The inlet boundary layers at the upper wall and the step

are covered by 45 cells; the grid is stretched by 1.12 for 1 < y/H < 3 (the same as in the

boundary layer simulations); the grid above the step is symmetric around y = 3H . A constant

grid spacing is used in the x direction in −4.6 < x/H < −0.27 with ∆x/H ≃ 0.05 (the

same as in the boundary layer simulations); the grid is geometrically compressed by 0.89 in the

region −0.27 < x/H < 0. The extent of the domain in the spanwise direction is 1.6H . In the

recirculation region, the mesh is taken from [12].

The inlet mean profile is taken from a 2D RANS AKN simulation (the same as in the bound-

ary layer simulations). The inlet fluctuations are also the same as in Section 3.1.. For the tem-

perature, the inlet profile is t = 0 (constant in both space and time). At the lower wall, at y = 0,

a constant heat flux, qw, is set for x > 0. The inlet velocity is set to one, so that ν = 1/ReH .

LES simulations were carried out using PANS and WALE [2]. In most of the simulations, a

95% central differencing scheme (CDS) and 5% van Leer were used for the momentum equa-

tions; this is the baseline option. The influence of inlet fluctuations, 100% CDS and fk will

also be presented. The turbulent Prandtl number in the temperature equation was set to 0.7; the

effect of reducing it to 0.4 will be shown. One RANS simulation using k − ω SST was also

made; the turbulent Prandtl number was set to 0.9.

Figure 5 shows the skin friction and the Stanton number; profiles of the velocity and the

streamwise resolved fluctuations are presented in Figs. 6 and 7. Without inlet fluctuations, we
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Figure 6: Backstep flow. Velocities. For legend, see Fig. 5.
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Figure 7: Backstep flow. Resolved streamwise fluctuations. For legend, see Fig. 5.
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Figure 8: Backstep flow. Turbulent viscosity. : PANS; : PANS, 50% smaller inlet

fluctuations; : WALE; •: PANS, no inlet fluctuations; : 2D RANS (these values have

been divided by a factor of 10).

obtain much too low a skin friction (Fig. 5a) and very small (virtually zero) resolved streamwise

fluctuations (Fig. 7a) upstream of the step. The peak of the Stanton number is somewhat too

small and too high downstream of the recirculation region.

The PANS and the WALE models give very similar results, but the Stanton number in the

recirculation region is somewhat better predicted with the PANS model.

When the amplitude of the inlet fluctuations in the PANS simulations is reduced by 50%,

the resolved fluctuations and the skin friction are, as expected, reduced upstream of the step.

Otherwise, the amplitude of the inlet fluctuations has only a small effect on the predictions.

Two-dimensional RANS simulations were also carried out. The predicted recirculation is

slightly too strong. The peak in the Stanton number is well captured, but the velocity profiles
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Figure 10: Backstep flow. Skin friction and Stanton number. PANS. : 100% CDS; :

100% CDS, 50% smaller inlet fluctuations; •: fk = 0.3; : fk = 0.5; : Prt = 0.4; ◦,•:

experiments [11].

show that the recovery rate after the recirculation region is too slow; this is probably the reason

for the too large St number in the recovery region.

Figure 8 presents turbulent viscosities (note that the RANS profiles have been scaled with

a factor of 10). It can be seen that the RANS viscosities downstream the step are an order

of magnitude larger than the LES values; upstream of the step they are more than two orders

larger. The WALE model predicts a turbulent viscosity that is much smaller than the PANS

model does.

Figure 9 shows the fraction of time when the flow at the bottom wall is positive, i.e. ū > 0.

As can be seen, all simulations give similar results, the main difference being that the simulation

without inlet fluctuations exhibits lower fraction of forward flow in the downstream part of the

recirculation region. The agreement with experiment is good. It is interesting that even at the

location of the strongest backflow (x ≃ 3H), the flow is during 5 − 10% of the time in the

downstream direction. At the reattachment point, 5.5H < x < 7H , the fraction of time that the

flow is in the positive x direction is approximately 50%. It can also be noted that immediately

after the step (x = 0), the ū velocity is positive during 80% of the time.
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Figure 11: Backstep flow. Velocities. For legend, see Fig. 10.
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Figure 12: Backstep flow. Resolved streamwise fluctuations. For legend, see Fig. 10.

a)
−5 0 5 10 15

x 10
−4

0

0.02

0.04

0.06

0.08

0.1

y
/H

x = 3.2H

b)
0 0.2 0.4 0.6 0.8 1

x 10
−3

0

0.02

0.04

0.06

0.08

0.1
x = 14.86H

Figure 13: Backstep flow. Shear stresses. PANS. : 2〈νts̄12〉; : ν
∂〈ū〉

∂y
; : −〈u′v′〉; ◦:

2〈νts̄12〉 − 〈u′v′〉.

Figures 10-12 show the influence of 100% CDS, fk and turbulent Prandtl number. Because

of smaller numerical dissipation, 100% CDS gives slightly larger resolved fluctuations and skin

friction upstream of the step compared to 95% CDS and 5% van Leer, see Figs. 5 and 7. This

results in a small displacement of the recirculation region and a small increase in the Stanton

number. The effect of decrease/decrease in fk is small, especially upstream of the step, where

it has no effect at all. The reason is that the turbulent viscosity is very small upstream of the

step, see Fig. 8. In the recirculation region, the change is fk as expected: a larger/smaller fk
decreases/increases the resolved fluctuations because of larger/smaller turbulent viscosity. One
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Figure 14: Backstep flow. Shear stresses. 2D RANS. For legend, see Fig. 13.
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Figure 15: Backstep flow. Terms in the 〈ū〉 equation. PANS. :
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Figure 16: Backstep flow. Terms in the 〈ū〉 equation. 2D RANS. For legend, see Fig. 15.

simulation with a reduced Prandtl number (it is reduced from Prt = 0.7 to Prt = 0.4) is shown

in Fig. 10b. As expected, the heat transfer is increased.

Figures 13-20 present some detailed comparisons between baseline PANS and 2D RANS.

Figures 13 and 14 present the resolved, modelled and viscous shear stresses in the recirculation
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Figure 18: Backstep flow. Heat fluxes. 2D RANS. For legend, see Fig. 17
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Figure 20: Backstep flow. Terms in the 〈t̄〉 equation. 2D RANS. For legend, see Fig. 19.

region and the recovery region. It can be noted that the modelled turbulent shear stress obtained

with the RANS simulation in the recirculation region has the wrong sign close to the wall

(y/H < 0.04); the incorrect sign of the turbulent shear stress is also visible when comparing

the balance terms in Figs 15a and 16a. The total shear stress predicted with the PANS model

in the outer region is larger than that predicted with the RANS model, both in the recirculation

region and in the recovery region. Looking at the turbulent shear stress in the recovery region,

it can be seen that the boundary layer is thinner in RANS than in PANS. This explains why

the turbulent diffusion terms are larger in RANS than in PANS (see Figs. 15b and 16b). The

small turbulent shear stress predicted by RANS may explain the slow recovery rate and the

thin boundary layer in the RANS simulation. It should be kept in mind, however, that it is not

straightforward to compare predicted stresses in two simulations when the velocity fields are

different; this difference in itself generates different turbulent shear stresses.

Figures 17 and 18 show the turbulent and viscous heat fluxes. A striking difference from the

shear stresses in Figs. 13 and 14 is that the difference between the two locations (the recircu-

lation region and the recovery region) is very small for the heat fluxes but large in the case of

the shear stresses. The reason is of course that the heating of the lower wall creates tempera-

tures that decrease for increasing y at all x. The velocity profiles have a much more irregular

behavior because of the recirculation region. Furthermore, PANS and RANS predict heat fluxes

that are much more similar than is the case for the shear stresses; however, it can be seen that

the thermal boundary layer is thinner in RANS than in PANS. Because of the thinner thermal

boundary layer, the gradients of the diffusion fluxes are much larger in RANS than in PANS.

This is also seen by the terms in the temperature equation, see Figs. 19 and 20. Comparing

the balance equations of velocity (Figs.15 and 16) and temperature (Figs.19 and 20), it can be

seen that the contribution of the convective fluxes is much smaller in the temperature equation

than in the velocity equation. The reason is probably that the convection terms in the velocity

equation play an important role in balancing the pressure gradient.

4. Conclusions

LES has been made of boundary layer flow and backstep flow; the latter flow included heat

transfer. The LRN PANS (with the baseline value fk = 0.4) was used for both flows, and the

WALE model was used for the backstep flow. Both models were demonstrated to give good

agreement with experiments.

Synthetic anisotropic fluctuations were used to generate resolved turbulence near the inlet.
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The sensitivity to their amplitude was investigated and it was found to be rather low. In the back-

step flow, the synthetic fluctuations were omitted altogether in one simulation. As expected, the

resolved turbulence upstream the step was zero, and the skin friction was much too low. How-

ever, downstream of the step, instabilities created resolved turbulence that was in surprisingly

good agreement with experiments. Nevertheless, the predicted wall heat transfer was less well

predicted compared to when synthetic inlet fluctuations were used.

Different values of fk (fk = 0.3 and 0.5) were used; the change in fk was found to have only

a small effect on the predictions.

The PANS backstep simulations were compared in some detail with 2D RANS using the

k−ω SST model. It was found that the modelled turbulent shear stress in the RANS simulations

was mostly smaller than the total (resolved and modelled) turbulent shear stress in the PANS

simulations. The different terms in the velocity and temperature equation were analyzed. Near

the wall, the turbulent shear stress balanced the viscous shear stress; the streamwise pressure

gradient played a rather important role in the recirculation region, but it was smaller than the

diffusion terms. Next, the diffusion terms (viscous and turbulent heat fluxes) in the temperature

equation were analyzed. It was found that the terms in the PANS simulation and the RANS

simulation were much more similar than in the velocity equation. As was the case for the

velocity equation, the diffusion terms (viscous and turbulent heat fluxes) were the largest terms.

One difference, however, was that the convection terms were much smaller in the temperature

equation than in the velocity equation. The reason is probably that, in the velocity equation, the

convection terms have to support the diffusion terms to balance the pressure gradient.

As mentioned above, PANS and WALE give very similar results, both in mean flow and

resolved fluctuations. Nevertheless, the predicted turbulent viscosities differ rather much (PANS

gives values which are more than a factor of five larger than WALE). The similarity in predicted

results makes sense in one aspect: the modelled turbulence is negligible (except in the near-wall

region) compared to the resolved turbulence. On the other hand it is somewhat surprising that

the flow is that insensitive to the turbulent viscosity, because the SGS dissipation predicted by

the two models should also – as the turbulent viscosity – differ by a factor of five.
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