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Abstract 

BBiped, BCAM-BALTOGAR industrial platform for engineering design, is an 

SU2/Salome based CFD platform for turbofan simulation and design. SU2 is an open-

source finite volume solver developed by Stanford University and Salome is an open-

source CAD design and mesh generator developed by OPEN CASCADE. Accurate 

and cost effective simulation of rotating effects is one of the major problems widely 

studied in turbomachinery. Such machines are extensively used in many industries 

including aerospace, automotive, ventilation, power generation, chemical 

manufacturing, petroleum exploration and others. This demonstrates the importance of 

turbomachine’s optimal design which should be based on a realistic flow simulation 

[1]. The flow in turbomachinary or other rotary systems is the focus of this paper. 

Using MRF (Multiple Reference Frames) approach unsteady physics could be viewed 

as a steady state problem on a fixed grid. Theoretically the MRF is not the result of a 

mathematical or a physical assumption but its validity in actual problems depends on 

how the boundaries between zones have been treated. Some schemes for data 

exchange at the interface in multi-zone computation have been investigated through 

several tests. It shows that this technique has been implemented correctly in BBiped 

based on  the single frame approach already implemented in SU2 and could be used in 

general 3D cases effectively. A technique based on a virtual MRF (VMRF) is 

implemented as well and results are compared to the previous one. 

Introduction: 

Computational Fluid Dynamics nowadays is viewed as a cost-effective tool with most reliable 

answers for wide range of applications that be dealt by industries and researchers. In spite of 

some decades of tries, CFD is not such a black box type tools yet and it needs to consider 

several physical and numerical property of the case. Turbomachines and fans simulation, 

which is the objective of this work, faces, in the physical point of view, unsteady rotating 

objects [4]. The computational domain must be fine enough due to several geometric details 

(so many blades in rotor/stator or impeller/baffles …) which requires a huge computational 

time. Moreover the rotation speed is usually high and to have a time accurate solution we 

need to decrease time steps and again increases the cost significantly. Moreover, to simulate 

th blades rotation through time, we also need a grid movement scheme which has to provide a 

valid grid at each time step. So in spite of the high growth in hardware facilities and 

numerical schemes for unsteady and moving meshes still most industries avoid simulation of 

real unsteady physics of such a case.  

MRF (Multiple Reference Frame) has been one of the best answers for this problem. By 

introdusing a new frame which is rotating with blades, the problem could be converted from 

unsteady state to steady state. In the next section the details of this technique is described. In 
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the mathematical point of view, MRF formulation leads to the original equation but actually it 

faces many problems in the boundaries. For the external flows this problem is not of that 

importance we can adjust the outer boundary of the rotating zone, for internal flows however, 

this boundary problem is too sensitive. Usually it is strictly advised to be attentive about non 

uniformity of the data in the outer boundary of the MRF zone. So we will discuss some 

solutions and conditions for these issues later.  A virtual MRF (VMRF) approach is proposed 

as well consisting of defining a virtual antisymmetric zone by basic geometric shapes like 

cylinders at the solver level which avoids creating a physical zones and saving time specially 

in case the user needs to do some adjustments for the zones, there is no need go back to the 

CAD, which requires remeshing as well. 

SU2 is a new open source code which has been developed in Aerospace department of 

Stanford University [2] and it has an active developer group. They start this code by 

simulation of compressible flows on unstructured grids and it evolves by new features such as 

design optimization and new physics such as plasma and incompressible flows and it utilizes 

parallel processing. We can notice that their growth has been very fast comparing to others in 

these years.  The targeted simulations of the code are more focused on external flows, which 

is mostly the case in aerospace engineering. This work aims to open some new windows to 

the internal flows and turbomachinary. 

The implementation strategy of the methods is discussed and test cases are performed and 

results from MRF-multozone, VMRF and commercial software are compared.  

Governing Equations 

The idea is started from the fact that when the blades are rotating one can introduce a new 

frame which is attached to the hub and rotates with the set. In the new frame blades are 

viewed as fixed. The Navier-Strokes equations are now expressed in non-inertial frame so we 

must add a Corlious and centripetal accelerations in the force balance equation. It also could 

be easily derived by a simple change of variable in equation (1). In Figure (1) the CFD 

domain is the rotating zone which is rotating with constant speed. 

 

Figure (1): Stationary and Moving Reference Frames 

rV V r    (1) 

Substituting of this relation to Navier-Stokes equations in non-inertial form yields: 
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Where 
rE is the relative total energy  
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By adding ideal gas equation of state the system is closed. In this new form only equations of 

the momentum have been changed and the equation of the energy has a minor change in 

definition of total energy. The first two terms in the right hand side of (3) are the Coriolis 

acceleration and the centripetal acceleration. 

Regarding boundary conditions in MRF we need first to pay attention to numerical simulation 

of the moving wall. If the velocity of the wall is tangential to the surface, it could be treated as 

velocity condition by fixing wall velocity at the boundary. For example in cavity problems the 

upper surface actually is a moving wall. Now in MRF if there are internal wall boundaries 

which are rotating with domain it is evident that we should treat them as a fix wall and if there 

are some fix walls in this zone we have to view them as rotating objects in the counter wise. If 

the fix walls are cylindrical with same axis by rotation axis we can accept them as 

aforementioned moving wall by forcing the tangential rotational velocity and zero normal 

velocity otherwise there is no difference between these walls and rotating blades and cause 

the MRF useless. For the outflow boundaries again we have to consider relative velocity on 

them because all unknowns are relative velocity in this form. 

There is another depiction of MRF equations which is more popular in compressible flows. In 

this form unknowns are absolute velocities.  
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This is exactly same as prior form and in boundary conditions all previous conditions should 

be considered. This form is more suitable in the multizone because there is no need to 

converting the resulting relative properties to the absolute one. 

In these new forms the domain is viewed from the rotating frame and if the outer boundary of 

the zone is not changing by time the flow is steady in this frame. That is a big achievement 

because we solve a steady problem instead of unsteady without scarifying accuracy or making 

a new assumption. 
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Data exchange in MRF 

It is observed when using MRF approach that if the flow is not  almost uniformly 

antisymmetric around the rotating zone the obtained the solution shows a significant 

discrepancy comparing to the unsteady state [3]. Such situation occurs for example in rotors 

when   the inlet flow the rotating blades have comparable speed. 

Indeed to have an accurate solution our physics should be near to the working condition of the 

MRF. Good scenarios happen when for example in the external flows one can put the outer 

boundary far enough. If the rpm is high comparing to inlet flow, it doesn’t need to place the 

outer boundary so far away. In high rpm a higher ratio of tangential velocity to radial velocity 

is occurred and it means the blades push fluids such as a rotating solid and in consequence 

you will have some uniform properties in the outer boundary even at short distance from tip 

of the blades. 

In the results section we have magnified this effects in a test by applying high speed external 

flows. In those the rotational speed cannot overcome the external flows. 

Now it is evident that the data exchange in the outer boundary of MRF zone should be treated 

carefully. At the interface there are nodes which are belong to two zones, one is rotating and 

another is stationary. In fact the control volume for duplicate vertexes should be same in both 

and in consequence it results in to equal solution in both zones automatically. In figure (2) this 

approach can be realized that the residual of the lower part of the control volume is calculated 

by the lower zone and the upper part by the upper zone without information about together, 

then these residual are added and set the result for both zones. We called this approach the 

flux exchange scheme in the rest of the paper.  

 

Figure (2): Control volumes on coinciding nodes at the interface 

In the second approach the residual of each part is calculated with taking the doted faces (in 

figure (2)) into account which has information from other zone and updated independently. 

The conservative variables in two part of the control volume are exchanging implicitly by 

considering the doted faces. In this approach it is not guaranteed that in both zones the flow 

properties on these common nodes have been reached to exactly same value. The benefit of 

this approach is that each zone preserves itself autonomous and also it is applicable for the 

zones that have common faces but not essentially common nodes. This situation always 
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happens in sliding mesh or mixing planes or in some overset grids approaches. We name this 

approach the variable exchange scheme. 

In the third approach we deal with two adjacent zones that have been constructed somehow 

that they must have no common nodes. Each control volume can manage itself without need 

of any special treatment. In figure (3) the residual of the control volume could be calculated 

using adjacent nodes which may belong to all neighbor zones. So this approach requires 

connectivity information of all neighbor zones. Since you can make these zones into the 

existing grid we called it the virtual zones scheme.  

By more attention to these schemes it can be seen easily that the first and third approach are 

equal and the difference is that in the first approach you have two separate grids which are 

common in some nodes but in the third you have a single grid and you made your favorite 

zone by grouping part of the nodes.     

 

Figure (3): Control volumes on virtual zones at the interface 

VMRF approach 

The VMRF approach is a simplified version of MRF. We propose to build a virtual interface 

at the solver level by, for instance if we use a cylinder, providing the center, axes and 

dimension of the cylinder. In the solver all nodes belonging to the calender are identified and 

then the Navier-stokes within the cylinder is solved with the Coriolis and Centripetal forces. 

For the dual-mesh method we use in BBIPED the virtual interface is identified by the edges 

for which one vertex is in the rotating zone (cylinder) and the other is outside as in Fig. 4. 

Only these edges need a special treatment. The interface shown in the figure belonging to the 

dual mesh is considered as an approximation of the virtual surface. The momentum of at each 

nodes (I and J on the figure) should be converted from the stationary frame to the rotating one 

and vice-versa to compute the Flux contribution to each domain. 
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Figure (4): Dual and virtual interface 

Implementation in SU2 

In the original SU2 code accepts the rotating frames and they will be simulated by the 

absolute velocity formulation. They have tested it for an external flow case. They also have 

started to implement multizone facility and at this moment the code can load multiple grids 

and solve them independently without any data exchange between zones.   

Our implementation history started from the third aforementioned approach of multizone 

(virtual zones) that was implemented with the relative velocity formulation in the rotating 

zone. The grace of the relative velocity formulation is that the left hand side which contains 

almost of numerical techniques is same as inertial frame one and just only two source terms 

have been added in the right hand side.  

Next the first and the second approach of data exchange between zones have been 

implemented and the rotating zone can use the absolute velocity formulation in the rotating 

zones.   

It is should be noted that in the implicit solution for the virtual zones only one system of 

equations assembled and solve at once for all virtual zones because one grid have been loaded 

but in the multizone each zone has a separate matrix which have to be solved independently. 

So the Jacobians of the common nodes have been exchanged and unified. Although in spite of 

this improvement the convergence rate is affected a little the multizone. 

Results 

Non-rotating multizone 

We start with multizone approaches without rotation. A simple 2D domain with two blades 

has been constructed by three zones. The flow is assumed compressible which is blown by 0.5 

Mach to the blades. 

The Mach contours and stream lines have been depicted in figure (4). The difference between 

the variable exchange and the flux exchange treatment at the interface has been presented in 

figure (5). Some discontinuities occurred in contours and streamlines at the interface for the 

variable exchange scheme whiles all of them have been disappeared by the flux exchange 

scheme. 
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Figure (5): Mach contours and stream lines for the multizone computation 

 

Figure (6): Mach contours and streamlines for the multizone computation. Left came from variable exchange 

scheme and right from the flux exchange scheme 

Distribution of the pressure along a horizontal line on the center of the domain has been 

shown for two schemes in figure (7). It seems the inaccuracy of the variable exchange 

approach doesn’t contaminate the downstream.  

 

Figure (7): Pressure distribution along a horizontal line at the center of the domain 

Similarly for the Mach and the density there is no big difference between these two schemes. 
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Figure (8): Mach and Density distributions along a horizontal line at the center of the domain 

 

A 3d grid which comprises of tetrahedron, brick, pyramid and prisms has been used as 

domain around a wedge. This domain is a 10 degrees wedge in a supersonic flow (2.5 Mach). 

 

Figure (9): cross section of the domain’s grid 

Because the interface has same grid in both zones we can merge these zones as single grid. In 

the following the solutions of single zone and multizone (by the flux exchange scheme) have 

been compared and as we expected they are exactly same. 



9 

 

 

Figure (10): Pressure contours for single zone (left) and multizone (right) 

In previous chapter we hinted about some minor effects of multizone computation in the 

convergence. For both cases the CFL number is 4 and inviscid flux formula is first order of 

Roe. Trend of their convergence and magnitude of residual are fairly same. 

 

Figure (11): History of convergence of the residual for single zone (left) and multizone (right) 

 

Rotating Multizone 

Now the left rectangle is rotating by 1000 rad/s and right one is stationary and the rest of 

domain is stationary too. Rotation of the blade makes a flow that affects right rectangle. The 

density contours in figure (12) and streamlines in figure (13) represent this effects.  
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Figure (12): Density contours for a multizone domain with a rotating zone 

 

Figure (13): Streamlines for a multizone domain with a rotating zone 

 

Again the data along the horizontal line has been extracted and compared by Fluent. In figure 

(14) the comparison shows the good agreement between them. 

 

Figure (14): Comparison of the pressure distribution for SU2 and Fluent 
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Now we have added an external flow to the problem (0.5 Mach). Recall the fact that now the 

rotation is not the dominant event.   

Figure (15) shows Mach contours with streamlines for variable exchange and flux exchange 

schemes. As you can see property of the flow is not uniform in the outer boundary and high 

amount of fluxes have passed through the interface. So the difference between these two 

approaches apparently has risen.  

 

Figure (15): Mach contours and stream lines for multizone computation by variable exchange scheme 

 

Figure (16): Mach contours and stream lines for multizone computation by flux exchange scheme 

 

To validate our implementations another comparison has been performed. Again distributions 

of the density and the pressure along that horizontal line have been compared to Fluent. SU2 

uses the cell-vertex discretization but Fluent uses the cell-center so since our grid is an 

unstructured we expect the accuracy of the Fluent would be higher than SU2. As you can see 

in figure (17) by applying high order computation in SU2 the difference has been decreased. 
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Figure (17): Comparison on distribution of density and pressure along a horizontal line for SU2 and Fluent by 

first order space accuracy 

 

Figure (18): Comparison of pressure distribution for high order computation 

 

The next test case is a room with three walls that has been ventilated by two small table fans 

which rotating by 200 rad/s. this is a demonstration example to show application of multiple 

reference frame in a 3D case. 



13 

 

 

Figure (19): geometric representation of a fictional room with two fans 

MRF solution of the rotating zones makes the following distribution of the pressure on each 

fan. 

 

Figure (20): Pressure contours on fan’s blade 

In figure (21) the effect of shape of blades to blowing the air to the outside has been 

represented by streamlines. The table fans suck the air from the back and blow it to the 

outside. 



14 

 

 

 

Figure (21): Streamlines of the flow induced by the fans 

To check correct data exchange trough the interface in figure (21) a cross section of the 

domain (z=0) has been shown. All contours of the Mach passed the interface (two rectangles) 

without any non-physical jump. 

 

Figure (22): Mach contours on a section of domain 

The last test case is a simplified form of an actual industry fan. The fan rotates by 200 rad/sec. 

It is a complete internal flow phenomenon. In real physical view, inlet and outlet of the fan 

are 3D flow and non-uniform we add a cylinder (in inlet) and a box (in outlet) to simulate it 

with more reality. Since the based code (SU2) was designed for external flows, 

implementations of some BCs which are more common in internal flows such as velocity 

inlet, pressure outlet and outflow are not well tested and robust and this technique is 

compulsory for this case so far. 
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Figure (23): Geometry of the Domain and zones 

 

Figure (24): A section of the grid of the zones 
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Figure (25): Mach contours in two sections of the domain 

 

 

Figure (26): Pressure contours in a section of the domain 
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Figure (27): Streamlines emitted from the fan  

To verify implementation of the MRF, the results from MultiZone MRF and Virtual MRF are 

compared with Fluent. The figure (28) shows good agreement between BBiped and Fluent. To 

quantized comparison we extracted data from a line along to space between two blades of the 

fan. As you can see a same pressure difference is predicted by BBiped and Fluent. 

 

 

Figure (28): Comparison of the pressure contours in BBiped (red) and Fluent (black) 
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Figure (29): Comparison of the pressure in BBiped (red–VMRF, blue–MultiZone MRF) and Fluent (black) by 

contours and plots 
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Conclusion 

Multiple Rotating Frame is one of the best approaches to accomplishment of sophisticated 

multiple rotating objects which is happened frequently in turbomachinary and fans. In this 

paper most important aspects of multiple rotating frames had been studied particularly the 

interface treatment between zones. Three approaches for making a multizone had been 

investigated: flux exchange, variable exchange and virtual zones. All these schemes had been 

implemented on SU2 code and peer reviewed through some 2D and 3D test cases and finally 

a semi complicated 3D test case which had some rotating fans had been simulated. According 

to those it could be concluded that for the multizone grids which have coinciding grid at the 

interface, the flux-exchange or the virtual zones schemes result in better solution and for 

sliding mesh or overset grids which may be implemented in early future the variable exchange 

would be a good choice. 
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