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This purpose of the project is the investigation of flow field around a vehicle-like body equipped by a wheel and a wheelwell. The aim is to clarify the mechanism of which drag and lift force builds up and to see how mud deposition on the surface of the vehicle prosceeds. The investigated body is then calculated numerically using the CFD code FLUENT. The model was constructed using mainly numerical grid generation and turbulence modeling considerations. Grid generation requires mainly perpendicular (vertical and horizontal) plains to be constructed. This way a good quality structure mesh can be created with which the good circumstances for the functionality of the differencing and interpolation scheems can be provided.
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Figure 1. The original geometry of the vehicle (for present experiments the sizes are scaled down by a factor of 2.096, and the inlet roundings were increased from the resultant 24mm to 60mm)


For the best possible work of turbulence models, smoothly curved surfaces have been carefully avoided. It is well known, that turbulence models predict the position of separation on smoothly curved surfaces very poor and they are tuned finely for mainly backward facing step geometry. It was then clear, that separation will always occur, but can be calculated better than with a non-predetermined position of separation. Computations were carried out on the geometry in Figure 1. and results are published.


Turbulence models handle all wall surfaces using the turbulent, logarithmic wall functions. It is then assumed, that the boundary layer is turbulent on the whole surface of the body. This fact influenced strongly the upstream conditions, i.e. the upstream of the air onto the wehicle body was calculated to be smooth and uniform. No separation occurred on the inlet roundings of the body. In Figure 1. the inlet roundings are relatively small, but CFD predicted only very small separation in this case.


Numerical simulation gave a value of around 0.25 for the drag coefficient, that seemed to be very low for such a geometry. Preliminary experiments were carried out on small scale models in a wind tunnel of 150X150mm cross section. The free jet had an almost uniform velocity distribution of around 40m/s value. The ununiformity was around 2-3% in the whole cross section. The blowing wind tunnel was bounded by a flat plate on one side to simulate the effect of the road, and forces were measured by a scale. The drag coefficient was significantly higher in this case, it was around 0.8-1.02. The position of the model has been carefully set and the lowest value of the drag was considered to be the real value. This assumption has been based on the fact, that all edges were sharp and only in case of parallelity of the stream to the longitudial axis of the model could separations be avoided.

Experimental setup


The model was created in almost half size of the indicated sizes in Figure 1. due to the blockage rate requirement of the used small wind tunnel of TU Dresden. This wind tunnel has been equipped by a moving belt. The test section is fully closed and the air is sucked through it. The maximal speed is around 6m/s, so the Reynolds number is extremely low. The model in the wind tunnel can be seen in Figure 2.
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Figure 2. The experimental setup in the small wind tunnel of TU Dresden (flow from right to left)


The vehicle model was placed carefully in the good position inside the test section. Then flow visualisation process have been carried out using smoke and a lased sheet. For all possible velocities it has been found, that even for large roundings in the leading surface of the body, a relatively large separation bubble forms all around the cross section of it. This separation bubble then disturbes strongly the boundary layer downstreams all along the vertical and horizontal surfaces. This region can be seen in Figure 3.
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Figure 3. Large separation bubble on the top surface of the vehicle


Behind this separation region, large velocity defect occures, that leads to wider wake structure, higher displacement effect of the body. Simoultaneously the depression on the roundings decrease due to the lack of wall-parallel flow. The drag increases significantly.

This separation could not be avoided using turbulence generating wire. This fact must have been due to the low Reynolds number flow, so the boundary layer was still stable even after strong disturbances were led to it. The separation regions can be visualized using oil flow method. This method gives detailed information about the flow near the surfaces. The results for the present model can be seen in Figure 3a. The flow direction is from right to left. On the rounding, a rapid change in the color can be seen from light yellow to dark. It is due to the repainting of the model after a bad angle of attack setup. The flow is attached all along the frontal surface, all on the roundings. The sharp edges on the front surface don´t induce separation either. The attached flow then separates almost at the point, where the curvature changes from a constant radius to infinite radius. 


This separation bubble then meets the flow parallel to the longitudinal edges of the vehicle and takes an U-shaped form. Then two trailing vortices appear above each surface. In Figure 3a. it can be seen, that the stripes flow downwards due to the prevealing of the gravity. It indicates that the velocity in those regions is small, so vortices are present. It can be observed, that these slow regions are parallel to the flow direction and are placed on the edges of each surface. ?The frontal separation region will not merge into a single vortex ring, the vortices exist separately from each other and all of them continues in two longitudinal trailing vortices?.


The boundary layer is totally disturbed along the sides and the top as it is shown by the wavy pattern of the paint towards the downstream parts. This boundary layer is not appropriate to be measured by hot wire anemometry. The Reynolds number is calculated to be around 105 based on the path length of the boundary layer on the roundings. Thus the boundary layer was already in the turbulent domain.
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Figure 3a. Oil flow visualization on the surface of the vehicle (Flow is from right to left)

A shear layer control have been then applied using a closed ring of fence placed to the frontal roundings of the body. The result was good, the boundary layer was deflected well onto the top and side surfaces of the body. This can be seen in Figure 4. The size of the “controller” vortex right behind the fence was constant in time, that means, that the ring of vortices was not closed actually. Mass could flow away from the fence-vortices. At the experiments we couldn´t follow the way of this vortex, so this way of solution was ignored.

Turbulence generating wire was also of no effect on the boundary layer separation at the place of discontinuity in curvature.
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Figure 4. Shear layer control on the rounding of the body.


Using laser sheet it was not fully possible to get a comprehensive structure of the flow field, so an alternative way of visualisation has been applied using the large wind tunnel of TU Dresden. A mixture of Kerosin, Titanium Oxide dust and oil has been created and painted onto the surface of the vehicle. Then a relatively large velocity of 25-30m/s have been exposed to it. The flow of the greasy liquid took the yellow dust particles of titanium oxide in the direction of the main flow. On the side (vertical) surfaces the gravity affected the direction of flow, too. This effect was a good reference to judge the velocity of the flow in those regions. The Reynolds number in the big wind tunnel was sufficiently large to get to the turbulent region of the boundary layer of  the roundings. It was found to be of  250000 based on the diameter of the cylindrical rounding. It is already in the turbulent region of the well known Cd-Re graph for cylinders. The separation was still there. This fact is due to the large jump in the curvature of surfaces ( from a constant of 1/R to 1/infinity=zero). If the curvature of the surfaces changes rapidly, a discontinuity in the momentum equations occures. On one hand it can be seen in the normal component of the Euler-equations:
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where n is the normal direction to the surface. At the point, where the roundings touch the vertical and horizontal surfaces, the radius R jumps from a constant to infinity, so we will have two pressure gradients for one point in space towards normal direction to the faces. It means, that there will be no more force that could force the flow towards a plane surface.


On the other hand, it is also clear, that there is also a discontinuity in the Navier-Stokes equations, because if we simply take the cross section of the wind tunnel, the change of the velocity can be approximately computed using the continuity equation. Then a relation between the actual cross section of the tunnel with the body and the average velocity in that section. The velocity can then be expressed in terms of the cross sectional area. The cross sectional area can be expressed in terms of the change of the radius of the roundings. It leads to the final form, in which the velocities are expressed by the geometry of the body. If the curves of the geometry are of a second order function, the first derivatives of the velocities are linear, the second derivatives are constant. For a linear curve (a straight line of a flat horizontal, or a vertical plain), the first derivatives are constant, the second derivatives are already zero.
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At the transition of cylindrical curved surface to a plain surface, the first derivatives on the left hand side of Eq.2 are changing from linear function to constant. The viscous term on the left hand side vanishes to zero from a constant value. Discontinuity on both sides can be found.


As a consequence, it can be stated, that both for non-viscous and viscous liquids, the equations of momentum have discontinuity: for non-viscous case, only the convective term fails to be continuous, for viscous case, both the convective term and the viscous term. In practice, this discontinuity in the equations of momentum leads to separation of the boundary layer, that is never avoidable by any ways of modification that preserves the geometry. This transition in the geometry works as a turbulence generating wire in all cases.

The presental structure have been found to be totally inappropriate for further measurements to be carried out

Modification of the geometry


It has been then concluded, that non of the existing probes can be used for velocity and pressure measurements correctly. The flow field about the body was so complicated and so full of separations, that all possible ways of measurement would be applied by very large errors. The first requirement than became the improvement of the front part of the model to get uniform upstream to the horizontal and vertical faces. The key point is to provide small displacement and small convective accerelations on the frontal surface to minimise the inertial forces acting on the air. Then the jump in curvature of the faces had to be minimized: it could be solved partially by using elliptical roundings instead of cylindrical roundings with constant radius. There is also a large jump in curvature, but the radial component of the acceleration of fluid elements is significantly smaller than in case of a constant radius rounding. The modified geometry can be seen in Figure 5.
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Figure 5. Elliptical nosed geometry with full separation regions (flow from right to left)


This geometry has been created to test the upstream conditions, so no wheels were mounted onto it. The displacement of the air from the leading point of the body until the plain surfaces was still large, and the separations on the top and sides of the vehicle were significant. The Reynolds number was too small for this small body, so turbulence generating wire was applied on the elliptical surfaces. As the boundary layer is still laminar on the frontal surfaces, the thickness of the boundary layer have been estimated to be around 0.3-0.4 mm based on an equation based on the exact solutions of the flat plane laminar boundary layer equations. A turbulence generating wire have to be placed inside the boundary layer, so a wire of a diameter of 0.2mm have been chosen and fixed up onto the model. The position of the wire have been chosen to the place, where the maximum velocity exists. In places, where the velocity is high, the Reynolds number is relatively higher and a disturbance can lead transition.


In the present case, the disturbance caused by this thin wire have been found to be too small to cause a transition in the boundary layer. In Figure 6. the resultant surface flow pattern can be seen for this case.
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Figure 6. Resultant oil flow pattern in case of appliance of a turbulence generating wire of the diameter of 0.2mm

The flow pattern is slightly changed on the top of the model. The displacement upwards and downwards is smaller than sideways, so larger change in the flow pattern on the top surface have been expected than on the sides. This test case has shown, that there is reasonable chance to get an attached, uniform flow on the sides using a disturbance, that is higher, than in the present case.


In this later phase, a thicker wire of a diameter of 0.5mm have been fixed up onto the model and the separation could be totally avoided by this wire as it can be seen in Figure 7. The boundary layer seems to be quite uniform and attached all along the surfaces of the model. They are mainly parallel to the surfaces and even there is straight flow along the longitudinal edges. As the diameter of the wire has exceeded the thickness of the boundary layer, this method of control falls into the class of shear layer control, that have been carried out on th older model with cylindrical roundings and shown an previous pages (see Figure 4.). 


This kind of control of the boundary layer could be well used for bigger models. Although this is a shear layer control, it is no more sensitive to the flow direction due to its small size comparing to the sizes of the model. The flow is then well accelerated by the nose section and this relatively thick wire makes a local boundary layer separation on the rounding and then the air can continue its way further downstream initiated from a favourable angle of attack, that leads already to no more separation at the discontinuity of the surface.
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Figure 7. Elliptical nosed body with a thick wire, no separation (shear layer control)

An alternative way of avoiding large separations at curvature discontinuities and keeping moderate nose lengths is creating shorter nose with sharp edges. It is shown in Figure 8.
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Figure 8. Forced separation of boundary layer on a sharp edge of the frontal surface (flow direction from right to left)

This boundary layer separation gives distrubance to the boundary layer to cause transition. The advantage of this method is its simplicity, no additional tools are needed, the shape of the vehicle induces separation. The contour of the nose can be also slant forwards, it doesn´t need to be vertical. A sharp edge can be formed on even two elliptical surfaces with a discontinuity (dashed curve). Parameter test have been carried out using vertical surfaces. They can be seen in Figure 9.
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5mm away




10mm away
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17mm away from the nose

Figure 9. Vertical surface induced separation bubble controlled flow

It can be clearly seen, that this method affects mainly the region of horizontal and vertical surfaces, but of a less effect towards the longitudinal edges. This is the cause, why those large separation bubbles on the top surfaces are present. A straight jet flow can be observed in the allong the longitudinal middle line of the top surface. 


The velocity towards the sides was still too small, so the separation was not “strong” enough to influence the flow. After 17mm length was cut away from the nose, the vertical surface was big enough to gain a velocity at the edges, that is high enough to form a separation bubble, that can already deflect the flow towards the surface by a favourable angle of attack. The surface flow pattern is already quite similar to the one obtained by shear layer control using a thick wire (Figure 7.). The boundary layer in this case is not so good as in case of using a wire. This can be well influenced using an elliptical dome instead of a vertical surface, and providing a discontinuity still in the domain of the rounding, where the flow still accelerates further downstreamwards. These tests are unfortunately not carried out because of the lack of time.
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