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Abstract. The lift of a Delta wing is produced by two counter rotating vortices, generated from the wingôs 

sharp swept leading edge as a result of the unequal wingôs pressure distribution on the suction and pressure side. 

As the wingôs angle of attack (AOA) increases, the vortices become more energetic and the lift is increased. This 

positive effect on the lift has a limit depending on the flow conditions, the AOA and the wing geometry. When a 

critical AOA is reached, the organized vortical structures are disintegrated leading to lift loss and wing stall, a 

phenomenon called vortex-breakdown (VB). In the current paper, the flow field over a Delta wing is investigated 

with Unsteady Reynolds Navier-Stokes Equations adopting a low-Reynolds stress turbulence model. Two AOA are 

investigated, the first is at 10o with no VB and the second at 30o where VB occurs. The computational results are 

compared with available experimental data regarding the wake of the 10o AOA setup. The VB region for the 30o 

AOA is detected with the pressure and velocity distributions on the suction side of the Delta wing, while turbulent 

kinetic energy distributions are provided for various stations before, inside and after the VB region. 

 

1 INTRODUCTION  

Delta wings are used in high speed transonic aircrafts as they provide aerodynamic superiority in relation to 

conventional wings. They present very good aerodynamic flight behavior in high Mach numbers since they are 

able to weaken the compressibility effects due to their swept wing configuration and give very good flight 

capability and maneuverability to the aircraft. The lift in Delta wings is achieved by the two counter rotating 

vortices that are formed on the suction side of the Delta wing, due to the movement of the flow from the wingôs 

pressure side to the suction side. These vortices are well organized energetic structures with an axial velocity larger 

than the radial one. The intensity and the containing energy of the vortices increases together with the generated 

lift as the angle of attack (AOA) increases. There is a critical limit to the increase of the AOA depending on the 

flow conditions and the Delta wing geometrical characteristics. Beyond this limit the vortices are disintegrated, 

they are no longer attached on the wing suction side and a sudden loss of lift occurs followed by wing stall. This 

sudden disintegration of the vortical structures is referred in the literature as vortex breakdown (VB). The accurate 

calculation of the flow field over a Delta wing and the identification of the VB characteristics, onset and duration 

is a very important and challenging task for Computational Fluid Dynamics (CFD) and is of great importance for 

aerodynamics and for the optimization of the aircraftôs performance.  

There are many previous works found in the literature that are focused on the appropriate and accurate 

modelling of the flow over a Delta wing and the VB identification and description, using various turbulence 

modelling and simulation techniques. For example, Ekaterinaris and Schiff [1] investigated with the use of CFD 

the effect of different turbulence models, computational grids and various AOA, the structure of the vortical flow 

fields over Delta wings. Muller and Hummel [2] modelled the unsteady bursted vortical flow on a Delta wing in 

high AOA with the use of one and two equation eddy-viscosity models. Mary [3] used Large Eddy Simulation 

(LES) combined with local grid refinement techniques and implicit subgrid scale modelling in order to investigate 

the velocity and turbulent flow field over a Delta wing when vortex breakdown occurs. Schiavetta et al. [4], studied 

the VB phenomenon over different Delta wings with the use of Detached Eddy Simulation (DES), coupled with 

the one equation Spalart Almaras turbulent model, and Unsteady Reynolds Averaged Navier Stokes equations 

(URANS) with the use of the two equation eddy-viscosity model of Wilcox [5]. They identified the dominant 

structures related to the VB phenomenon with both URANS and DES and compared the results with available 

experimental data. Gursul et al. [6] presented a review regarding the unsteady aerodynamics of nonslender Delta 

wings where there was also an investigation of the structure of the VB. Vlahostergios et al. [7], used linear and 

cubic non-linear eddy-viscosity models for the modelling and investigation of the VB over a Delta wing and 

provided qualitative comparisons with available experimental data.  
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In the current paper, the flow field over a Delta wing is investigated with the use of a Reynolds-stress turbulence 

model and the VB onset and duration is identified. Additionally, the development of the turbulent kinetic energy 

on the wing suction side along the VB region is examined. The modelling of the flow is made with a widely used 

commercial CFD solver. The adopted Delta wing geometry was designed in the Laboratory of Fluid Mechanics 

and Turbomachinery (LFMT) for experimental measurements to various flow conditions. In the current study, two 

AOAs are computationally investigated, the first one is at 10o were there is no VB but experimental measurements 

are available and the second one at 30o were VB occurs. Due to the unsteady nature of the flow field, the URANS 

computational approach is followed. In order to calculate the total computed turbulent flow field, the large scale 

contribution of the produced coherent structures had to be statistically sampled and added to the modelled turbulent 

kinetic energy of the flow as will be presented to the following sections. Regarding the experimental measurements 

for the 10o AOA, the Delta wing was installed in a closed-type wind tunnel and hot-wire anemometry 

measurements were performed to the wake of the Delta wing. 

 

2 COMPUTATIONAL DETAILS  

 

2.1 The Delta wing geometry 

The Delta wing that is used in the current study has a 70o sweep angle, a chord length c=300mm, a spanwise 

length of 218mm and a thickness of 15mm. Additional details regarding the Delta wing geometry are given in 

fig.1. 

 
Figure 1. Delta wing geometry 

 

This Delta wing was designed in LFMT in order to perform measurements of velocities and turbulence to 

various AOA for the determination of the VB phenomenon characteristics.  

 

2.2 Turbulence modelling 

For the modelling of turbulence, the low-Reynolds Reynolds-Stress-ɤ (SMC-ɤ) model of CFX 15 was used. 

The SMC-ɤ model of CFX, has the inherent advantage of the Reynolds-stress models in modelling with higher 

accuracy the turbulent characteristics. This comes from the fact that it models and calculates, though with simple 

linear expressions, the pressure strain correlation terms. Additionally, the CFX SMC-ɤ model adopts the exact 

expression of the Reynolds-stress production as it is extracted by the Reynolds statistical averaging without the 

use of an eddy-viscosity concept. As a result, by adopting a more sophisticated turbulence model such as an RSM, 

superior results are provided in relation to simple eddy-viscosity models and a better representation of the 

computed flow field is achieved. For the modelling of the turbulent dissipation, the CFX SMC-ɤ model solves a 

transport equation for ɤ, which is the specific turbulence dissipation and represents the rate in which turbulent 

kinetic energy is dissipated and converted into thermal energy. The use of the specific dissipation rate, makes the 

model capable of integrating the transport equations up to the wall, inside the laminar sub-layer, without the need 

of additional dumping functions as in other low-Reynolds number turbulent models. The choice of a turbulence 

model that is capable of integrating the transport equations up to the wall without the use of wall functions was an 

obligatory choice, since the precise calculation and representation of the vortex development on the suction side 

of the Delta wing is strongly related to the detailed and exact computation of the boundary layer. The adoption of 

SMC-ɤ turbulence model helped to fully describe and resolve the boundary layer interaction with the mean flow 

and describe with a better accuracy the VB phenomenon. However, it must be mentioned that the SMC-ɤ model 
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of CFX uses an eddy-viscosity formulation for the modelling of the turbulent diffusion process of the Reynolds-

stresses. Although this approach is simpler that the original expression of the Reynolds stress turbulent diffusion 

which is related to the triple moments and does not incorporate the complicated diffusion interactions with pressure 

and turbulence structures, it is a common modelling technique which provides significant improved numerical 

stability. The transport equations of CFX SMC-ɤ are given by eqns. (1-2) and the eddy-viscosity is given by eqn. 

(3).  
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   is the pressure-strain correlation corresponding to the ñslowò and ñrapidò term of the turn to isotropy 

mechanism of turbulence and in CFX SMC-ɤ is modeled with linear stress and strain relations. Additional 

information regarding all the rest of the model constants and modeled expressions can be found in [8]. 

 

2.3 Numerical approach 

As it mentioned in section 1, in the current study two AOAs of the Delta wing were modeled. The first one 

which is 10o, was chosen in order to validate the modelling results since there were available experimental 

measurements. The target was to implement the modelling approach also to the AOA where VB could be better 

investigated.  It was observed from preliminary numerical computations to the current Delta wing, that  the VB 

starts to develop from the trailing edge at about ~20o, moves gradually towards the Delta wing apex on the suction 

side as the AOA increases and finally, results to a massive separation region at about ~40o. The final choice for 

the second AOA was the 30o since for this angle the VB onset was almost at the middle of the Delta wing chord 

and the flow development characteristics could be more easily examined. 

The advection scheme that was selected for all the transported variables was a bounded second-order upwind 

discretization high resolution scheme, which is explained thoroughly in [8]. The higher order scheme was chosen 

in order to have a more accurate solution for the velocity field and the Reynolds-stresses distributions. The 

characteristic computational domain for the 10o AOA and the implemented boundary conditions are shown in 

fig.2. 

 

 
 

Figure 2. Computational domain and boundary conditions 

 

For the discretization of the computational domain two unstructured grids were constructed for each of the 

examined AOAs. The grids had approximately 400.000 tetrahedral and wedge elements. The y+ for both 

computational setups was kept below 2 for all the Delta wing surfaces since the low-Reynolds number version of 

the CFX SMC-ɤ model was implemented. Characteristic detailed views of the computational grid for the 30o AOA 

are shown in fig.3.  
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Figure 3. Computational grid for 30o AOA. 

 

In order to reduce the grid size and the required computational resources, half of the symmetric Delta wing 

was modeled with imposing symmetry conditions on the Delta symmetry plane. For the rest of the computational 

domain external boundaries the slip wall boundary condition was implemented.  

It was observed that the flow field calculations for the 10o AOA resulted to a steady state solution. The two 

counter rotating vortices were attached on the suction side of the Delta wing and their unsteady motion was 

negligible. On the contrary, for the 30o AOA, the flow presented unsteadiness and hence, unsteady flow 

computations had to be implemented with URANS. The unsteady characteristics of the flow were detected with 

monitoring the lift and drag coefficients and several monitor points on the wing suction side and wake. The major 

contributor to the unsteady flow motion was the disintegrated vortices due to the VB occurrence. The time step 

for the unsteady calculations was chosen to be 10-4 seconds. This choice was based on the calculated Delta wing 

Strouhal number and on previous unsteady numerical computations on Delta wings as presented in [7]. The 

selected transient numerical scheme for the unsteady computations was the second order backward Euler scheme 

in order to have a more accurate time discretization. For the determination of the turbulent length scale for 

computing the turbulent dissipation rate ɤ, the Delta wing width was selected. The inlet conditions and the 

computational details for the modelling are presented in table 1. The selected values were chosen from the available 

experimental data that were performed in LFMT for the 10o AOA. 

 

Delta wing set up 10o AOA 30o AOA 

Velocity  6.5 m/s 

Turbulent intensity 0.4% 

Turbulent length scale 0.015m 

VB NO YES 

Unsteady calculations Steady RANS URANS 

      

Table 1. Inlet conditions and URANS implementation 

 

For the unsteady computations regarding the URANS implementation, the turbulent energy is divided into two 

parts. As reported by Davidson [9], the first part is the modeled part, which is descripted by the Reynolds averaging 

technique and the adopted turbulence model, and the second part is the resolved part during the unsteady numerical 

solution. Similar computations taking into account the large scale contribution were performed by Vlahostergios 

et al. [10] who performed URANS calculations with a non-linear cubic eddy-viscosity model and provided 

qualitative comparisons with experimental data for a low-pressure turbine blade. In this work, for the 30o AOA 

case a statistical averaging had to be made in order to calculate the large-scale time resolved Reynolds stresses and 

the large scale time resolved turbulent kinetic energy that are linked to the averaged large scale motion, i.e. uularge 

and klarge. The total turbulent Reynolds stresses and turbulent kinetic energy is given by the summation of these 

two parts. The calculation of the large scale turbulent parts and the total turbulent quantities are given by eqn.4-

eqn.7. 
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The statistical large scale sampling started when a periodic signal of the quantities on the selected monitor 

points, which were described above, was reached. The statistical sample was large enough in order to include at 

list 20 periods with a time period of 0.03 msec.   

 

3 RESULTS AND DISCUSSION 

Currently, the available hot-wire experimental measurements that were conducted in LFMT refer only to 10o 

degrees AOA and focus on the wake region of the Delta wing. For this angle there is no VB and the counter 

rotating vortices are attached along the Delta wing surface as was also proven by the computations. This AOA was 

modelled for validation purposes of the CFX SMC-ɤ model in order to have a clear view if the selected more 

advanced turbulence model is able to capture the development of the vortices. Some indicative plots regarding the 

velocities in the Delta wake in the vortex core region are given in fig.4. The velocity distributions correspond to 

two vertical to the delta x-axis planes (as presented in fig.1) at x=0.1m and x=0.24m from the trailing edge in the 

Delta wing wake. 

 

 
 

Figure 4. Experimental and computational results in the wake region for 10o AOA 
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From fig.4 it is shown that the computational results are in a very good agreement with the experimental data. 

Unfortunately, there are no available experimental data for the turbulent quantities in order to better validate the 

turbulence model behavior. 

The next step of this study was to detect the VB onset for the 30o AOA. In the literature there is a large amount 

of work regarding the theoretical aspects of vortex dynamics and the VB identification. However, as Gursul et al. 

[6] showed, the VB onset can be identified by examining the vortex structure on a vertical plane through the vortex 

core and also the jet-like axial velocity distribution that is usually observed before the VB onset. In the current 

paper, the identification of the VB onset was based on examining the reverse axial flow vortex core velocity 

together with the pressure distribution variations on the suction side of the Delta wing. For the 30o AOA all the 

quantities that were used for the study were averaged and statistically processed for an adequate averaging time. 

In figures 5 and 6 the pressure and the axial velocity distributions are presented for the 10o and 30o AOA.  

 

 
 

Figure 5. Pressure distributions on the suction side (10o left, 30o right) 

 

  
  

Figure 6. Velocity distributions on the suction side along a vertical plain aligned with the vortex core region 

(10o left, 30o right) 

 

From the above figures it is evident that the VB onset for the 30o AOA is approximately right after the middle 

of the chord length at x/c=0.65. From the pressure contours on the Delta wing suction side and for the 30o AOA 

the VB onset is the region where a sudden increase of pressure is observed as shown in fig.5. The VB onset is not 

a specific point on the Delta wing but a region with transitional characteristics since instabilities in the vortex core 

gradually start to develop, the velocity starts to lose its axial energy and results in a coherency loss of the vortex 

core. The characteristic of the VB onset is that there is a stagnation point in the streamwise direction of the flow 

in the vortex core region which is clearly shown in fig.6. For the 10o AOA such characteristics are not present and 

the flow is fully attached on the suction side. Similar observations regarding the VB onset region have been 

reported also by Shih and Ding [11] who experimentally examined the VB development and control on Delta 

wings. The exact mechanism with which the transitional VB region starts to appear and develop, has to do with 

the wing geometry, the AOA and the flow characteristics.  

  

VB onset 

VB onset 
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The VB and the vortex core coherency loss has a straightforward impact to the Delta wing lift loss. This can 

be observed by examining the pressure coefficient distributions of the Delta wing. The pressure distribution 

coefficient for the 10o and 30o AOA for various stations along the x-axis from the apex to the trailing edge are 

presented in fig.7 for the half of the Delta wing. 

 

 
Figure 7. Pressure coefficient distributions ὅ  (10o left, 30o right) 

 

From examining the above figure it can be seen that for the 10o AOA there is almost no change in the pressure 

coefficient ὅ for all the stations along the wing chord since there is no VB. There is an almost similar ὅ 

distribution along the x-axis that is the result of the coherent counter rotating vortices on the suction side. On the 

other hand, for the 30o AOA, a deferent behavior regarding the lift is observed. In particular, the lift for the 30o 

AOA is much higher since the AOA is higher. However, at a region around the station x/c=0.65, a decrease of the 

pressure coefficients is observed. This region is where the VB was detected from the pressure and axial velocity 

distributions from fig.5 and fig.6. It must be mentioned that for the 30o AOA the ὅ corresponds to the time 

averaged pressure distribution around the Delta wing. 

For the visualization of the coherent vortices for the 10o AOA and the VB for the 30o AOA, the Q criterion 

was calculated and it is presented in fig.8. Q criterion is a 3D identification vortex criterion of Hunt et al. [12]. It 

is related to the strain S and vorticity ɋ and defines a vortex as a region in space. 
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Figure 8. Q criterion for 10o and 30o AOA 

 

From fig.8 it is shown that for the 10o AOA the two formed vortices remain robust, attached and well organized 

along the wing suction side and wake. For the 30o it is observed that the vortices lose their coherency, gradually 

AOA=10o 

AOA=30o 

AOA=30o AOA=10o 
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disintegrate and result to periodically unsteady structures that are generated from the VB region up reaching up to 

the Delta wing wake.     

The unsteadiness that is produced by the generated structures and eddies due to the VB, has a direct impact on 

the flow kinetic energy production. The unsteady large scale motion have to be taken into consideration in order 

to calculate the total kinetic energy of the flow, which is divided into a modeled part, which is the turbulent kinetic 

energy calculated by the SMC-ɤ model, and the statistically calculated large scale kinetic energy part calculated 

by eqn.5. Figure 9 gives the modeled, the large scale and the total kinetic energy for various stations on the Delta 

wing suction side for the 30o AOA. 

 

 
 

Figure 9. Flow kinetic energy distribution along the suction side for 30o AOA 

 

The large scale energy contribution begins at about x/c=0.4, where the modelled turbulence kinetic energy is 

low, and takes the maximum values at the region around the VB onset, i.e x/c=0.6 - x/c=0.8. As the flow 

approaches the trailing edge, the modeled part of the kinetic energy starts to be generated since high free shear is 

present due to the large scale structures and eddies. The large scale energy is gradually transformed into modeled 

kinetic energy. Similar observations can also be made regarding the Delta wing wake for the 30o AOA as shown 

in fig.10.    

 

 
 

Figure 10. Flow kinetic energy distribution in the wake for 30o AOA 
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As the flow develops across the wake, the difference between the two kinds of kinetic energies diminishes 

since the large scale unsteadiness gradually vanishes. The region of the calculated unsteadiness is closely related 

to the turbulence model. As reported in [9], a more dissipative turbulence model e.g. an eddy-viscosity model, 

would have computed a smaller unsteady wake region or even a steady flow field. It should also be noted that the 

values of the modeled turbulence kinetic energy for the 10o AOA, at similar stations inside the vortex core and 

after the VB, were also much lower in comparison to the turbulent and to the total kinetic energy that was calculated 

for the 30o AOA. Indicative plots for the modelled turbulent kinetic energy for the two cases are presented in fig.11 

for three stations along the suction side. 

 

 
 

Figure 11. Modelled turbulent kinetic energy distribution along the suction side for 10o and 30o AOA 

 

Near the wing apex at x/c=0.2, the turbulent kinetic energy for both cases are similar in magnitude. After the 

VB for x/c=0.8 and at the trailing edge, the modelled turbulent kinetic energy that is calculated for the 30o AOA 

is much larger than the modelled turbulent kinetic energy for the 10o AOA, as shown in fig.11, due to the existence 

of the large scale structures produced by the VB.  

For a final assessment of the computational results regarding the VB identification, the axial velocity and the 

total kinetic energy are plotted along the vortex core on the suction side as shown in fig.12. 

 

 
 

Figure 12. Left: Axial velocity inside the vortex core for 10o and 30o AOA. 

Right: Kinetic energy inside the vortex core for the 30o AOA (modeled and large scales) 

 

The conclusions of this plot are in agreement with all the above observations of the study. At a region around 

x/c=0.65, VB appears for the 30o AOA and starts to develop along the suction side. There is a gradually loss of 

core vortex energy which is related with the axial velocity reduction. Additionally, the total calculated energy is 

increased since turbulence and unsteady large coherent structures are generated. Regarding the 10o AOA, the 

velocity is almost constant along the vortex core and the turbulent kinetic energy is much smaller in relation to the 

30o AOA.   

  

4 CONCLUSIONS 

In the current study, the modelling of the flow field around a Delta wing was investigated. The Delta wing was 

imposed in two angle of attacks. The first one was 10o and no vortex breakdown was present and it was used only 




