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Abstract 

         A CFD workshop on a geometry that can be typical for deep buildings and tunnels took place in 
2015 at the ISHVAC-COBEE 2015 conference. The fluid problem investigated in the workshop is 
known as the backward facing step flow. Members of the workshop made Computational Fluid 
dynamics (CFD) predictions of the air distribution without having measurements for comparison. Their 
results show a significant diversity, among other things due to the chosen turbulence models.  
         A benchmark for the backward-facing step flow is introduced to validate the numerical predictions 
as well as to assess the influence of different turbulence models, wall functions and other important 
elements of the software. 
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Introduction 

 
         For many years, the indoor environment community has used CFD as a tool for the prediction of 
air movement in ventilated spaces; see e.g. Nielsen (2015). In CFD the airflow is described by a set of 
coupled differential equations known as the Navier-Stokes equations. To solve the room air flow in a 
practical economical way it is necessary to extend these equations by extra differential equations 
expressing the turbulence in the flow, the so-called turbulence models. Turbulence models are optimized 
for the different types of flow, which are present in a room.  These are for example two or three-
dimensional jets, free jets or wall jets, impingement flows, boundary layer flows, buoyant flows, 
separations, transitional and fully developed turbulent flows, transient flows and potential flows; see 
e.g. Nielsen et al. (2019).  

The airflow in a room can therefore be a combination of many different types of flows or flow 
elements. As a result, it is obviously difficult to select a specific turbulence model for a general valid 
solution of the flow in a room. A possible procedure, therefore, is to test different turbulence models in 
geometries similar to the actual room, which is to be studied. In this paper, we work with a geometry, 
which has been used earlier in two different workshops, on the ISHVAC-COBEE conference in July 
2015; see Peng et al (2016) and on the Indoor Air conference 2016; see van Hoof et al. (2018). This 
flow scenario is different from flows in ventilated rooms of regular size with a short section, but it is 
relevant for elongated industrial buildings and deep tunnels 

. 
The benchmark  
 

 
Figure 1. The backward-facing step flow used in the ISHVAC-COBEE workshop. 
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          Figure 1 shows the model of the backward-facing step flow. The model has the following 
dimensions: h/H = 0.2, l/H = 4, width W = 2H. The Re number is based on the inlet velocity and slot 
height h.  
          The separation length xre is the distance from the vertical left wall to the location where the 
reattachment flow is separated into a flow back to entrainment into the wall jet and a forward flow 
towards the exit (i.e. reattachment point). Another variable used in the benchmark is the velocity u along 
a horizontal line in the height of ym above the floor, see Figure 1. The experiments are more detailed 
described by Zhang et al. (2020). 
 

 
Laminar, transitional and fully developed isothermal turbulent flow 
 
          The benchmark covers fully developed turbulent flow, transitional flow and laminar flow. Fully 
developed flow and transitional flow are important in room-air distribution while laminar flow only take 
place in near-wall flow, and not in the main part of the room air flow.  
          Figure 2 shows the prediction of laminar flow based on Navier-Stokes equations and transitional 
turbulent flow based on RANS equations with a Realizable k-ε model and with a SST k-ω model 
respectively. 
 

 
Figure 2. Separation length versus Reynolds number. Laminar prediction and RANS predictions with 
SST and k-ε turbulence models. Comparison with smoke experiments. 
 
          The laminar predictions up to a Reynolds number of 100 show converged solutions. The results 
for higher Reynolds numbers are non-converged with too high residuals (~1e-3) which indicate that the 
used direct numerical simulation is not feasible for solving higher Reynolds number flow. This however 
is not connected to the position of the critical Reynolds number (Rec) where the transitions from laminar 
to turbulent flow takes place. The Rec depends on details in the boundary conditions such as irregularities 
in the design of the air supply, presence of turbulence in the supply flow, difficulties with small 
temperature differences, vibrations etc.  
          Other measurements show a characteristic peak at the position of the transition, see e.g. Restivo 
(1979). A comparison with the smoke experiments made by Zhang et al. (2020) show that the flow in 
this model does not have a typical laminar flow even down to Re = 150. The smoke experiments show 
lower separation lengths than the laminar predictions in those areas, as it can be seen in Figure 2, 
probably due to irregularities in design of the air-supply and the presence of small temperature 
differences. 
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          It is typical that both the SST k-ω and the Realizable k-ε model show solutions close to the laminar 
flow for small Re numbers (Re < 40) as the models generate a small turbulent viscosity µt compared to 
physical viscosity µ in the RANS equations, at the low Re number, see Weng et al. (2012). 
 
The most RANS equations with low Reynolds number models represent both transitional flow and fully 
developed turbulent flow at high Reynolds number (5000 – 10000). The models in the low Reynolds 
number area are often just a modification of the turbulence model for fully developed turbulent flow. 
 
 
CFD predictions and comparison with measurements 
 
          The measured velocity profile and the predicted ones are compared in the height of ym/(H-h) = 
1.17, see Figure 3. Three CFD predictions are made with the Realisable k-ε model, the SST k-ω model 
and the Reynolds Stress Model (RSM). Other setups such as mesh, boundary conditions and solving 
algorithms are unchanged. All the turbulence models utilized the near wall model approach, where the 
SST model is sufficient by it-selves toward the edges and walls, while k-ε and RSM models need 
modification near the wall. The Enhanced Wall Treatment is used since the y+-value is below 5 near 
all solid surfaces.  
          Figure 3 shows that RSM and the Realizable k-ε model are the relevant turbulence models to be 
used at the high Reynolds number of 4000 while other predictions show that the SST k-ω model is the 
most relevant at a Reynolds number of 400, see Nielsen et al (2019)  
 

 
Figure 3. Comparison between measurements and predictions in the height ym/(H-h). The predictions 
are made as three dimensional flow and Re = 4000. 

 
          The RSM is an anisotropic turbulence model while Realizable k-ε and SST k-ω are isotropic 
turbulence models. It is known that RSM predictions with a wall-reflection term are preferable for flows 
in elongated ventilated sections with supply openings of small width  because the anisotropic behavior 
of wall jet flow is predicted with correct growth rates (Schälin and Nielsen 2004). Figure 4A shows that 
the wall-reflection term will also have an effect in the backward-facing step flow. Predictions indicates 
that the wall jet velocity increases in the upper corners and move down the sidewalls, but it is discussed 
in literature that the wall-reflection term will not improve the prediction when the flow involves several 
surfaces, ANSYS (2019), Schälin and Nielsen (2004). Figure 4B show that a RSM without wall-
reflection term show a solution similar to the predictions with isotropic turbulence models. This effect- 
has not been studied by measurements. 
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Figure 4. Cross-section (H x W) of the flow at x/H = 1.5. A) RSM prediction with wall-reflection term 
modifying the growth rate of the wall jet. B) RSM prediction without wall reflection term. 
 
 
Conclusions 
 
          A benchmark for the backward-facing step flow is described in this study. The flow regime ranges 
from laminar to fully turbulent flow. CFD predictions with different turbulence models are validated by 
LDA, PIV and smoke test measurements. The validation indicates that the Realizable k-ε model is a 
good option as turbulence model for a fully developed turbulence flow (Re=4000). The results discussed 
in this paper will be presented on www.cfd-benchmarks.com. 
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