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1. Introduction

The iron and steel manufacturing is one of the most energy-

intensive industries worldwide. The concerns about the 

environmental issues promoted the energy saving and the usage 

of alternative fuels in these plants. In the recent years, main 

furnace manufacturers have adapted their equipment design in 

order to partially replace the standard fuels with recovered 

gaseous flues, such as Blast Furnace Gas (BFG) [1-3]. BFG is a 

by-product of the ferruginous reduction necessary for blast 

furnace iron making. Its composition changes with operational 

specifications employed at the blast furnace, but it is typically 

18–23% CO, 1–5% H2 and balance of N2. Whilst the calorific 

value of BFG is poor with respect to conventional fuels, it is 

present in large quantities and available to be used for energy 

savings. The upgrade of the an existing galvanic plant, converted 

from Natural Gas (NG) to Blast Furnace Gas (BFG) has two 

main issues: the combustion suffers because of the presence of a 

big amount of inert and the exhaust volume rate increases 

because of the poor energy content. For facing the above-

mentioned problems, the burners and the plant layout have been 

modified. Furthermore, the ejector placed to entrain the exhaust 

gas, using air provided by a fan, during the revamping process, 

becomes a critical component highly influencing the whole 

system efficiency: (i) irreversible phenomena occur in an ejector, 

and (ii) ejector performance drops in off-design operating 

conditions [4]. This paper focuses on the fluid dynamics of the 

ejector using a validated Computational Fluid Dynamics (CFD) 

approach for a future optimization of the component by reducing 

the energy consumption of the fan. This paper is divided in three 

parts. In the first part, the galvanic plant used as case study is 

presented and discussed, in the second part the CFD approach is 

outlined, and in the third part the CFD approach is validated 

using experimental data and numerical results are presented and 

discussed. In particular, during the validation process, different 

Reynolds-Averaged Navier–Stokes (RANS) turbulence model 

(k-ω SST and k-ε Realizable) are evaluated in terms of 

convergence capability and accuracy in predicting the pressure 

drop along the ejector. In the conclusions, suggestions for 
improving ejector performance are outlined.  

2. The Case study

 Galvanic plant2.1.

The present paper is focused on the case study of a galvanic

plant, which have been converted to BFG from Natural Gas 

(NG). The process of revamping has been undertaken by 

Dentella CHP and the following activities were accomplishes: (i) 

design of the new burners and the combustion system and (ii) 

design a new furnace layout. Concerning, the first point, because 

of the extremely poor quality of BFG as fuel and its difficulties 

to be ignited, the combustion system was designed to work in 

two different operating conditions: (i) with a mixture of NG (and 

a variable injection of pure oxygen) or (ii) with NG only. In the 

following of the paper, the condition considered will be the 

former one with a low concentration of NG (which refers to the 

normal operating condition of the plant). Concerning the second 

point, due to the increased volume of flue gases circulating 

through the combustion chamber, ducts and stack, it has been 

necessary to modify the design of the furnace. In the revamped 

plant, a convergent nozzle ejector is placed on the exhaust gas 

line (Figure 1). The ejector primary flow consists of air blown 

from a fan, which entrains the exhaust gases in order to keep a 

negative relative pressure in the combustion chamber for safety 

reasons. Further details about the revamping process may be 
found in [5].  

mailto:giorgio.besagni@polimi.it
mailto:riccardo.mereu@polimi.it
mailto:fabio.inzoli@polimi.it


Figure 1 Ejector studied: layout (left) and photography of the system (right)

 Ejector theory and modeling 2.2.

Ejector is a device constituted by a primary nozzle, a suction 

chamber, a mixing zone and a diffuser. A high-pressure primary 

flow expands in the primary nozzle, entrains a secondary flow in 

the suction chamber, they mix and a diffuser compresses the 

mixed stream. The combined effects of entrainment, mixing and 

compression are the reasons why ejectors are studied for energy 

applications. Most of the existing ejector models are developed 

for refrigeration and SOFC application, where supersonic 

ejectors are used, and there are very few researches for subsonic 

ejectors. Unlike the refrigeration and the SOFC sectors in which 

the convergent–divergent ejector nozzle is widely used, the 

convergent nozzle is mostly prevalent in PEM Fuel Cell 

applications to avoid water condensation (due to low working 

temperature) in primary and secondary flow. In the present plant, 

a convergent nozzle is used; however, its geometry, working 

fluids and operating conditions are very different from the one of 

an ejector used in a PEM recirculation system [6, 7] . Therefore, 

the 1D models of the literature can not be used for evaluating its 

performance. Furthermore, a view of the internal flow behavior 

is necessary for a future optimization of the component and, in 
this framework, CFD modeling represents a useful tool [8]. 

3. CFD Model

 Mesh3.1.

A 3D symmetric representation of the experimental ejector is

used. The studies found in the literature generally consider 2D or 

2D axi-symmetric computational domains [9]. Pianthong et al. 

[10], comparing a 2D and a 3D domain, found that the 

simplification is acceptable. Hemidi et al. [11, 12] stated that the 

2D simplification is correct when ejector is operating at on-

design condition, but the 2D simplification is not completely 

checked when ejector is operating at off-design condition. In the 

present case a 3D domain is chosen to (i) take into account of the 

effects of the curved pipe and (ii) take into account the effect of 

the change in geometry from the exhaust gas duct (square 

section) to ejector base (circular section) (Figure 2). It should not 

escape notice that the present geometry has some well-known 

issue for RANS simulations: (i) the change of geometry at inlet 

(from square duct to a circular section), (ii) the curved pipe and 

the (iii) diffuser inlet. The 3D discretization may help in the 

correct representation of the flow behavior. Indeed, a preliminary 

study a 2D domain discretization was attempted but lots of 

phenomena can not be captured. Due to the symmetric nature of 

the ejector, only half ejector was modeled. Criteria for the choice 

of the final mesh density were [13]: (i) the maximum skewness 

was below 6, (ii) the orthogonally was not less than 75 and (iii) 

The maximum growth rate from one element to the next was 

20%. A grid independency study was conducted on three grids 

and 2.3 million elements composed the resulting grid. Further 

details on grid independency can be found in section 4.1. Grid 

elements are (i) tetrahedrons for the nozzle and suction chamber 

zone (refer to the zone 1 in Figure 2) and (ii) hexahedrons for the 

rest of the domain (zone 2). Mesh was refined on mixing layer 

and on proximity of the walls. 

 Governing equations 3.1.

The steady state RANS equations for turbulent incompressible 

Newtonian fluid flow are used: 
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where the ensemble average is given here for the general 

quantities. The Reynolds averaged approach requires Reynolds 

stress components ' '

ij i ju u   and Reynolds-average scalar 

transport equation extra terms ' '

ju T to be modelled in an

appropriate way. 
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Figure 2 Ejector studied computational representation

 Solver 3.2.

The commercial software ANSYS-Fluent release 14.5.7, based 

on the finite volume approach, was used for solving the set of 

governing equations. The discretized equations, along with the 

initial and boundary conditions, were solved using the segregated 

solution method. The SIMPLE algorithm is employed for the 

pressure–velocity coupling. A second-order upwind 

discretization scheme was used for the energy equation, the 
momentum equation and the turbulent quantities. 

 Turbulence modeling 3.3.

 Turbulence models 3.3.1.

The fluid flow in the ejector is turbulent. An evaluation of 

turbulence modeling is a mandatory step due to its large 

influence on the results. We have considered three turbulence 

models: the k-ε Realizable, the k-ω SST model and the RSM 

model. The performances of RANS turbulence models were 

evaluated accordingly to: (i) convergence capability and (ii) 

comparison with pressure experimental data. The RSM model 

experienced convergence problems and its results, except for the 

comment upon the convergence, have not been presented here. In 

the literature there are some studies concerning the comparison 

of RANS turbulence models for ejector. Bartosiewicz et al. [14] 

have compared the performance of six RANS turbulence models 

and the k-ε RNG and k-ω SST best predict the shock phase, 

strength, and the mean line of pressure recovery. Dvorak and Vit 

[15] compared different turbulence models using hot wire

anemometry experimental results in terms of the static pressure

at wall, velocity profile and turbulence intensity. They suggested

k-ε Realizable as the most promising turbulence models. Kolar

and Dvorak [16] verify the k–ω SST turbulence model by

comparison with experimental Schlieren picture in terms of

shock wave prediction and boundary layer separation. Gagan et

al. [17] used a PIV technique for flow visualization and

compared it with numerical results obtained for various

turbulence models. They recommended the k–ɛ standard model.

The k–ɛ Standard, k–ɛ Realizable and RSM models predict

accurately the entrainment ratio. The k–ɛ RNG, RSM as

well as k–ω do not predict vortex a region downstream nozzle. 

Besagni et al. [18] have suggested the k-ω SST as a promising 

turbulence model for convergent nozzle ejector, in terms of 

velocity and thermal field prediction. In this study, we have 

compared the -ε Realizable and the k-ω SST because of their 

good performances for ejector  such as reported in the literature. 

 Wall treatment 3.3.2.

The k-ω SST did not need a near wall treatment because its 

mathematical structure already emphasizes on the flow close to 

the wall. A non-equilibrium wall function has been used for the 

k-ε Realizable and the RSM. The use of a wall function in a

computational flow solver allows fewer points to be placed near

wall. This results in a better quality mesh, fewer number of
computational point and a reduction in computing time.

 Boundary conditions 3.4.

Boundary conditions have been settled accordingly with the 

measurements: we have imposed the mass flow rate at the 

entrance of the primary flow (mprimary = 1.252 kg/s) and the 

secondary flow (msecondary = 0.592 kg/s), whereas we have 

imposed the atmospheric pressure at the outlet. Temperature 

boundary conditions were settled as Tprimary = 313K and Tsecondary 

= 573 K for the primary and secondary flow, respectably. Wall 

conditions were set as adiabatic and no slip. Concerning the 

turbulent boundary conditions, hydraulic diameter and 

turbulence intensity I were chosen: Iprimary = 5% and for the 

Isecondary = 3%. 

 Working fluids 3.5.

The primary and secondary working fluids were air (MM = 

28.97 kg/kmol, cp = 1186.37 J/kgK, μ = 3.263∙10-5 kg s/m) and

exhaust gases (MM = 27.68 kg/kmol, cp = 1006.43 J/kgK, μ 

=1.789∙10-5 kg s/m), respectively. Both the primary and the 

secondary flow are incompressible and their thermodynamic 

properties were evaluated at the inlet conditions. In order to 

simulate the mixing of the two streams we have employed a 
mixture approach. 
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 Convergence criteria 3.6.

The solution is considered as converged when all the 

following converging criteria are satisfied simultaneously: (i) 

numerical residuals decrease by six orders of magnitude; (ii) the 

normalized unbalance of mass flow rates had to be less than 10-7 

(relative value); (iii) the area-weighed-averaged value for inlet 

pressure of primary and secondary flow is constant. 

4. CFD model results

In this section, the CFD model results are critically outlined

[19]. At first, the grid independency results are detailed. At 

second, the validation procedure is explained and the turbulence 

models are evaluated on the basis of convergence capability and 

accuracy. At last, the local flow behavior is investigated and the 
discrepancies between the turbulence models are here clarified. 

 Grid independency 4.1.

Three different grids are analyzed: the coarse mesh is 

composed about by 1.1 million elements, the medium one is 

composed by 2.3 million elements and the fine one of about 3.4 

million elements. The grid independency has been evaluated 

using both global and local data. The results presented refers to 

k-ε Realizable turbulence model. Concerning the global data, the

difference between pressure outlet and the static pressure of

secondary flow is compared: (i) Δpcoarse-mesh = 734.1Pa, (ii)

Δpmedium-mesh = 550.3Pa and (iii) Δpfine-mesh = 551.5Pa.

Concerning, the local data, axial velocity profiles are compared

(Figure 3). In the suction and in the mixing zone there is higher

discrepancy between the coarse and the other two grids, which

on the other hand show a more similar trend. Therefore, the grid
independency is reached for the medium mesh.

Figure 3 Grid independency 

 Model validation 4.2.

 Convergence capabilities 4.2.1.

At first, we have noticed that the RSM can not reach a 

converged solution. Different techniques for the RSM model 

have been used: (i) lower accuracy first-order scheme for the 

convective terns, (ii) higher turbulence intensity at boundary 

condition and (iii) using a transient approach, instead of a steady 

state one. One reason could be that this model contains 

singularities that can cause divergence in regions of low 

turbulence. A second reason is that the equations are non-linear, 

and some of the non-linear forms are stiffer than other models. 

On the other hand, both the k-ω SST and the k-ε Realizable were 

able to reach the convergence. In particular, for the k-ω SST 

models, convergence was easily reached and a faster 

convergence was observed if compared to the k-ε Realizable. The 

k-ε Realizable were very sensible to the chosen turbulence

boundary conditions. If the turbulence intensity boundary

conditions were increased at the inlets, a more stable and faster
simulation would result.

 Comparison with the experimental data 4.2.2.

The CFD model has been validated using pressure difference 

measurement between ejector outlet and secondary flow inlet 

Δpexperimental = 480Pa. The k-ε Realizable and the k-ω SST 

numerical results were: Δpk-ε,Realizable = 550.3Pa and Δpk-ω,SST = 

478.3Pa. The k-ω SST provides a value closer to the measured 

data ([Δpexperimental - Δpk-ω,SST ]/ Δpexperimental = -1.7%), while k-ε 

Realizable gives a slightly different result ([Δpexperimental - Δpk-

ε,Realizable]/ Δpexperimental = +16.7%). The reasons for the 

discrepancies will be explained in next section. It should not 

escape notice that the present validation concerns a global 

parameter and not local data. However, the correct evaluation of 

the pressure loss ensures that the mixing losses and friction 

losses are estimated correctly. 

 Flow field investigation 4.3.

Once the CFD model has been validated, it can be used for 

investigating and understating the local flow behavior. 

Furthermore, this analysis can be used for understanding the 

reason why the k-ε Realizable experienced higher error if 

compared to the experimental measurements. After an insight of 

ejector flow field, the velocity and thermal field are investigated. 

 Ejector flow field 4.3.1.

The flow inside the ejector can be classified into two regions: 

near field and far field. Very small time-scales are associated 

with region near nozzle exit where the jet has substantial gas 

dynamics concerning jet development. Larger time-scales and 

larger turbulent structures are associated with the low velocity in 

the downstream region. The present ejector has some peculiarity 

in the flow field. At first, near the secondary flow inlet there is a 
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sudden transition from square-sectioned duct to the suction 

chamber: this originates a recirculation which is captured by both 

the turbulence models (Figure 4, left). At second, there is flow 

separation in the primary flow curved duct (this issue is detailed 

in the next section). At last, at diffuser inlet (Figure 4, right), due 

to the adverse pressure gradient, the flow is separated and a 

recirculation bubble is generated (this issue is detailed in the next 
section).  

Secondary flow entrance Diffuser inlet 

Figure 4 Flow recirculation 

 Velocity field 4.3.1.

The velocity field is described using (i) the velocity profiles 

(Figure 5), (ii) the velocity contours (Figure 6) and (iii) the 

pathlines Figure 4, right): all these information are coupled for 

having the complete representation of the flow phenomena. We 

have considered the longitudinal (x-y plane) and the transversal 

(z-y plane) velocity profiles, which are represented in terms of a 
non-dimensional wall distances: z* = z/zwall and y* = y/ywall.

The transversal profiles are symmetric and the maximum 

value is on the centerline (Figure 5a,b and Figure 6,up), as one 

could expect. Both the turbulence models provide similar results, 

except for the profile at nozzle distance equal to 6m. This 

correspond to the diffuser entrance, where the k-ω SST predict a 

flow recirculation. However, this flow behavior is better captured 

in the longitudinal velocity profiles. Another difference between 

the two models is the jet core length Ljet (which is evaluated on 

the x-y plane): it is slightly higher for the k–ɛ Realizable (Ljet,k-

ε,Realizable ≈ 8.84dt) if compared to the k-ω SST (Ljet, k-ω,SST ≈ 

6.11dt), Where dt is the diameter of the primary flow nozzle. This 
is due to the different modeling of the turbulent diffusion terms.  

The longitudinal velocity profiles are non-symmetric (Figure 

5c,d and Figure 6,bottom). Because of the 90° bend of the 

primary pipe, which originates a pressure gradients inside the 

primary flow pipe. Both the turbulence models predict the same 

flow separation in the curved pipe (Figure 6, bottom). The non-

uniform pressure distribution at nozzle exit propagates along the 

mixing chamber and the diffuser, where the pressure increases: 

there is no choking phenomena in the present ejector and 

information can travel from upstream to downstream and vice-

versa. Both the turbulence models predict similar flow behavior 

from primary nozzle exit to the diffuser inlet. This is shown both 

from velocity profiles (Figure 5c) and in velocity contours 

(Figure 6, bottom). The flow field prediction differs from 

diffuser inlet. Indeed, the k-ω SST capture a flow recirculation, 

while k–ɛ Realizable predicts a uniform pattern. This can be 

noticed by (i) velocity contour Figure 6, (ii) the pathlines Figure , 

right and (iii) the velocity distribution at x = 10 m (Figure 5d). 

The velocity profile predicted by the two turbulence models is 

very different: the k–ɛ Realizable predict an almost uniform 

velocity profile (the maximum difference from the mean value is 

about  18%) while, the k-ω SST predict a non uniform velocity 

profile (the maximum difference from the mean value is about 

55%). These results are in agreement with the literature, where it 

is well known that flow separation at diffuser inlet occurs and 

that the k-ω SST is able to well predict the flow behavior in 

diffuser if compared to other turbulence models (with particular 

reference to the separation and reattachment points) [20]. The 

difference in the prediction of the pressure drop is due to the 

ability to predict the flow separation near diffuser inlet. A 

pressure drop is given by concentrated and distributed pressure 

drop. The k-ω SST predicts a higher concentrated pressure drop 

and a lower distributed pressure drop. Furthermore, the ejector 

length is considerable and the distributed pressure drop is 

predominant. This is the reason why Δpk-ε,Realizable > Δpk-ω,SST. 

 Temperature field 4.3.1.

The temperature field can be analyzed using the temperature 

profiles. In particular, Figures 5e,f compare the results of the two 

turbulence models. It is interesting to notice how the temperature 

profiles are comparable in the first part of the ejector (Figure 5e) 

and differs further downstream (Figure 5f), after the flow 

separation in the diffuser. These results are in accordance with 

the previous results: after the diffuser inlet the k–ɛ Realizable 

predict a more uniform velocity profile than the k-ω SST model 

because of the flow separation. At x = 10m, the thermal field is 

well developed and the difference between the centerline and 

wall value is 0.29 %. This suggests that the present ejector length 

is adequate for the thermal mixing and a shorter ejector could be 

used, thus reducing the pressure drop and the energy 

consumption at the fan. In the present simulations a constant 

Prandtl number is used. This may led to some errors in the 

prediction of the spread of passive scalar quantities (such as the 

temperature) [18].

k-ε Realizable k-ε Realizable

k-ω SST k-ω SST



Trasversal velocity profiles 

(a) Velocity transversal profile at 3.5 and 5 m (b) Velocity transversal profile at 6m and 10m

Longitudinal velocity profiles  

(c) Velocity longitudinal profile at 3.5m (d) Velocity longitudinal profile at 10m

Longitudinal temperature profiles  

(e) Temperature longitudinal profile at 3.5m (f) Temperature longitudinal profile at 10m 

Figure 5 Velocity and Temperature profiles 
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(a) Longitudinal velocity contour 

(b) Transversal velocity contour

Figure 6 Centerline velocity contours: (up) longitudinal and (bottom) transversal 

5. Conclusions

In the revamping process of a galvanic plant furnace, in order

to use low-grade energy sources, the whole system has to be 

updated. In the revamped plant, a convergent nozzle ejector is 

placed on the exhaust gases line. This paper studies the flow 

behavior of the ejector using a CFD analysis. The CFD analysis 

was needed because the models for convergent nozzle ejector are 

developed for PEM system. These systems are very different 

from the present case in terms of geometry, working fluids and 

operating conditions.  

The CFD model was based on a 3D symmetric representation 

of the experimental ejector, using air and exhaust gases as 

working fluids. During the validation process of the CFD 

approach, different Reynolds-Averaged Navier–Stokes (RANS) 

turbulence model (RSM, k-ω SST and k-ε Realizable) are 

evaluated in terms of convergence capability and accuracy in 

predicting the pressure drop along the ejector: the k-ω SST 

performs better than k-ε Realizable, whereas RSM is unable to 

reach the convergence. The simulation results have been 

compared with pressure difference experimental data. The error 

between numerical results and experimental data are +16% and -

1.7% for the k-ε Realizable and the k-ω SST model, respectably. 

The correct evaluation of the pressure loss ensures that the 

mixing losses and friction losses are estimated correctly. Those 

results have been explained and commented with considerations 

based on the local flow behavior and references to the literature. 

In particular, the k-ω SST was able to predict well the flow 

behavior in diffuser, with particular reference to the flow 

separation. The validation process ensures that the CFD results 

and the information obtained on the local flow phenomena (flow 

reparation, flow recirculation and adverse pressure gradient) 
were reliable. 

Finally, suggestions for a future optimization of the system can 

be provided, based on the results. In the analyzed configuration, 

there are lots of flow separation, recirculation and irreversible 

phenomena: (i) flow recirculation at secondary flow inlet, (ii) 

flow separation for the primary flow and (iii) flow separation at 

diffuser inlet. All these phenomena create localized pressure 

drops. An optimized geometry, that would reduce those 

irreversibilities, would reduce the energy/exergy consumption. 

Furthermore, shorter ejector could be used for providing a 

similar thermal mixing, thus reducing the pressure drop and the 

energy consumption at the fan. Indeed, for entraining the same 

amount of secondary mass flow, the fan consumption would 

reduce. Further analysis are required to optimize the ejector 

geometry as well as to analyze a wider range of operating 

conditions. 
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