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Abstract

Backward facing step flow is one of the suitable cases for validation of a new turbulence
model. The present study deals with numerical simulations of heat transfer from wall past
the backward facing step. Numerical simulations are carried out using the Partially-Averaged
Navier-Stokes method. The study was performed at Reynolds number ReH = 28000 that is
based on the height of the step. An influence of physical resolution was studied using vari-
ous ratios fk of unresolved to total resolved turbulent kinetic energy. Results from numerical
simulations were compared with experimental data performed at the same ReH . The reattach-
ment length varied with the fk ratio in a same way as the minimal value of the Skin friction
coefficient and position of the peak of the Stanton number.
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1 Introduction

Correct prediction of turbulent heat transfer from a wall for a reasonable computation cost is
nowadays a challenging problem. A computationally inexpensive Reynolds-Averaged Navier-Stokes
(RANS) method is unable to resolve fine near-wall structures that seem to be crucial for prediction
of turbulent heat transfer from the wall. Methods able to resolve fine structures near the wall, the
Direct Numerical Simulation (DNS) and the Large Eddy Simulation (LES), are too computationally
expensive to be used in engineering applications. Another way to deal with the unsteadiness of
flow is including an unsteady term into the momentum equation. Such a method is known as the
unsteady Reynolds-Averaged Navier-Stokes (URANS) and was introduced [1] to deal with time-
accurate simulation of unsteady flows. Hybrid methods are likely equipped to deal with unsteady
calculations of turbulent flow within a reasonable accuracy and computational cost. One of the
most used hybrid method is the Detached Eddy Simulation (DES) method proposed by Spalart
[2]. The DES method bridges between RANS and LES by changing the manner of calculation of
the eddy viscosity, it uses RANS near walls and LES in a free shear flow. Recently, Girimaji [3], [4]
proposed another hybrid method, the Partially-Averaged Navier-Stokes method, which seamlessly
bridges between RANS and DNS. A resolution control parameters are the ratio fk of unresolved
to total turbulent kinetic energy and the ratio fε of unresolved to total dissipation rate. If the
fk goes to 1 it corresponds to the full RANS simulation and for fk = 0 the solution of governing
equations corresponds to DNS, where all turbulent scales are resolved.

Comparison of PANS with DES and URANS methods on the backward facing step flow at
ReH = 37500 [5] revealed a strong dependance of the ratio of unresolved to total resolved dissipa-
tion rate on the resulting flow field. The PANS results show better agreement with experimental
data than URANS and DES results on the identical computational grid with identical bound-
ary conditions. The PANS was able to capture the flow structures more consistently than other
approaches.

A study of heat transfer in backward-facing step flow using Low Reynolds Number (LRN) PANS
k − ε [6] revealed an applicability of PANS for flow reattachment with heat transfer. Results of
heat transfer coefficient for both tested fk values (fk = 0.3 and fk = 0.5) were in a good agreement
with the experimental data [7]. Variation of fk had a minimal impact on the results.

The present study on the backward facing step flow was performed at ReH = 28000 and the
main objective was to investigate the influence of physical resolution on heat transfer from the
wall. Numerical simulations were validated with experimental data from Vogel and Eaten [7].
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2 Partially-Averaged Navier-Stokes model

Similarly as for RANS, we can decompose the velocity field into two components in the PANS
approach

Vi = Ui + ui (1)

where Ui is resolved velocity component and ui is unresolved velocity component.
Governing equations for incompressible turbulent flow with heat transfer in form of PANS

approach are
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where τ(Vi, Vj) is a generalized central second moment tensor. A sub-filter scale stress is
τ(Vi, Vj) = (ViVj) − (Vi)(Vj). Invoking the Boussinesq’s hypothesis on the sub-filter shear stress
yields
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The eddy viscosity νu is calculated from
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where S is the invariant measure of the strain rate, model constant is a1 = 0.31 and F2 is a
second blending function. Similarly as the momentum equation, the simplified energy equation is
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where 〈T 〉 is partially averaged temperature. A sub-filter heat flux τ(Vi, T ) = (ViT )− (Vi)(T )
is calculated from formula

τ (Vi, T )) = − νu
Prt
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. (7)

The ratio of unresolved to total turbulent kinetic energy and the ratio of unresolved to total
specific dissipation are given by

fk =
ku
k
, fω =

ωu
ω

=
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(8)

Both resolution parameters are assigned constant values in the present study. However, a few
previous studies [10],[11] treated fk as a dynamic parameter calculated using the turbulent length
scale and a grid scale. The PANS model used in present study is based on Menter‘s k − ω SST
model [12]
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where ku is unresolved turbulent kinetic energy, ωu is unresolved specific dissipation and model
constants α, β, β∗, σk, σω are the same as in original k − ω SST model [12]. A first blending
function is defined as

F1u = tanh(arg41), arg1 = min
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A second blending function is in a form
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where y is the distance to the nearest wall.

3 Numerical setup and methods

The computational domain was characterized using the step height H. The inlet face was located
10 step heights upstream the step and the outlet face was 20 step heights downstream. Periodic
boundary conditions are applied in the span-wise direction. The overall view on the domain is
in Figure 1. We created a structural hexahedral computational grid with 2.7 million cells. The
resolved near wall treatment with y+ < 1 was applied on all the walls. The span-wise extension of
the domain is 3H.

Figure 1: A schematic view of computational domain

The PANS k − ω SST model was implemented in an open source C++ toolbox OpenFOAM.
Geometric Algebraic Multi Grid (GAMG) method was used to solve a discretized form of Pois-
son equation for pressure. Preconditioned bi-conjugate gradient (PBiCG) method with diagonal
incomplete LU decomposition preconditioner was used for the rest of the discretized equation
systems. A second order upwind scheme was used for spatial discretization of convective terms.
Basara et al.[13] pointed out an influence of convective numerical scheme on flow structures. A less
dissipative schemes captured finer turbulent flow structures and results were in a better agreement
with LES. The temporal discretization was performed using the Crank Nicolson scheme. Time
step size was set to fullfill the condition for Courant number Co < 0.8.
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4 Results

Computed variables fields are spatially averaged in span-wise direction and time averaged for a
period of 500H/Uin in order to perform the flow statistics. The flow in the domain is initialized
for a period of 150H/Uin before the average process is initiated. To reveal an influence of physical
resolution on the fluid flow and heat transfer statistics, five ratios of unresolved to total resolved
turbulent kinetic energy in range of fk = 0.2 − 0.6 were tested. Results are normalized using
the height of the step and the inlet velocity. The influence of physical resolution on skin friction
coefficient (Cf ) is shown in Figure 2. The simulation with fk = 0.2 had a shorter reattachment
length in comparison with the experiment. With increasing fk, the reattachment length was also
increasing. This occurred up to fk = 0.4, above this value the reattachment decreased. The best
agreement with experimental data was achieved for fk = 0.3.

Figure 2: Mean skin friction coefficient profile.

Mean stream-wise velocity profiles at several locations downstream the step are shown in Figure
3. Results indicate only a small difference between simulations with fk > 0.3. Such a difference
becomes greater with an increase of distance from the step. Also the difference is higher close to
the wall. We expect this behavior to change further downstream from the reattachment point and
we therefore expect the mean stream velocity profiles to become similar.
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Figure 3: Mean stream-wise velocity U/Uin profiles, caption same as for Fig.2.

Heat transfer from a heated wall downstream the step is shown in Figure 4. Heat transfer
is characterized through the Stanton number (St = Nu/(RePr)). The data correlates with the
results for the skin friction coefficient. The peak of the Stanton number is located close to the
point of reattachment and varies with the fk ratio. The simulation with fk = 0.3 well matches
the experimental data for both St and Cf profiles. Predicted values of St in a region close to
the step (up to x/H = 1.5) for simulations with fk > 3 are much lower than the experimental
data and with an increase of fk the raise of St appears earlier. The simulations with fk = 0.2
over-predicted the heat transfer near the reattachment point and a decrease of heat transfer further
from the reattachment point is more rapid in comparison with experimental data and other PANS
simulations.

Figure 4: Mean Stanton number profile.
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The ratio of unresolved to total resolved turbulent kinetic energy influences flow unsteadiness
as it is shown in Figure 5 using an instantaneous stream-wise velocity contours. Flow becomes
more unsteady with decrease of fk ratio. Contours of instantaneous velocity field for fk = 0.4 look
more as contours an time-averaged velocity field than the instantaneous snapshot of velocity field.
Such a behavior is due the higher eddy viscosity in comparison with other two ratios. We expect,
that the longer reattachment length in case with fk = 0.4 corresponds to an incorrect prediction
of flow structures. However simulations with fk even higher than 0.4 predicted the reattachment
length more consistent with experimental data.

Figure 5: Contours of instantaneous stream-wise velocity for several fk ratios.

Another view on flow structures is in Figure 6, where three fk ratios are compared using
contours of the instantaneous vorticity magnitude. The higher physical resolution (lower fk ratio)
captures finer flow structures past the step. Contours clearly indicate that a change on the flow
structure appeared between the ratio fk = 0.3 and fk = 0.4. A three dimensional character of the
flow is entirely lost for the low physical resolution (fk > 0.3) case. It has to be mentioned that not
only the ratio of unresolved to total resolved turbulent kinetics influences the turbulent structure
of the flow. A decrease of the ratio of unresolved to total resolved dissipation rate fε results in a
decrease of range of turbulent scales. We expect that lowering of fε in case where fk = 0.2 is used
will result to a longer reattachment length and a better agreement with experimental data.
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Figure 6: Comparison of vorticity magnitude contours for several fk ratios.

5 Conclusion

The present study conducted with four ratios of unresolved to total resolved turbulent kinetic
energy fk revealed the influence of fk on the heat transfer coefficient. The low value of the ratio fk
(fk = 0.2) led to an early reattachment of the flow and caused higher heat transfer from the wall
in region upstream from the reattachment point. We assume that used computational grid was
unable to correctly predict fine turbulent structures near the separation of boundary layer from the
step. The best match with the experimental data was achieved for the simulation with fk = 0.3. A
remarkable results are given by the simulation with fk = 0.6, such a low physical resolution achieved
surprisingly good agreement with the experiment. The present study confirmed the existence of
an optimal value of fk which gives the best prediction of the flow field. The optimal value of fk
depends on the spatial and temporal discretization. The influence of the ratio of unresolved to
total resolved dissipation rate on the heat transfer from the wall was not assess in the present
study and will be examined in future.
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