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ABSTRACT
Design optimization of turbomachinery components operating in nonuniform flow is computationally expensive using

conventional computational fluid dynamic methods. The bodyforce model (BFM) enables to significantly reduce the
computational costs associated to fluiddynamic simulations by substituting the physical blade row with a force field. In the
research described in this paper, the capability of a BFM solver was tested by comparing the computational cost and model
accuracy against the results obtained using bladed CFD (BCFD) analysis on the flow around the blades of a 1.5 stage axial
turbine. The results from this analysis at grid convergence showed a reduction of CPU time and memory usage of a factor
900 and 78 respectively by using BFM, while the BFM model retained a relatively high accuracy with respect to bladed
CFD results. The most significant offset in the trends was found in terms of mass flow rate and flow deflection, although
their respective trends were accurately captured by the BFM.

INTRODUCTION
In the design of turbomachinery components a common assumption is to assume fully uniform inlet conditions. This

assumption is acceptable for turbomachines of stationary power systems or turbines and compressors of aircraft engines
operating at cruise condition. However, there are numerous applications in which the inlet flow is highly nonuniform.
Examples are boundary layer ingesting fans (Thollet (2017); Gong (1999); Hill and Defoe (2018)), fans of ultrahigh bypass
engines during takeoff (Vadlamani et al. (2019)) and radial turbomachines employed in mobile systems, e.g. turbochargers
(Zhao et al. (2017)). The design of distortiontolerant turbomachines requires fullannulus computational simulations. Such
simulations are however excessively costly to be used for design optimization, requiring the development of efficient models
capable of solving nonuniform flows over the whole annulus. One such model is the bodyforce model(BFM), originally
proposed by Marble (1964) and later improved by Hall (2015) and Thollet (2017).

In BFM, the flow turning, flow blockage and loss sources induced by a physical blade aremodeled by a volumetric force
field. Since the physical blade is no longer needed in the computational domain, the mesh consists of only a discretized
passage. This substantially reduces the grid size, thus considerably decreasing the computational cost of the simulation
(Latour (2020)). The defining features of BFM make it very attractive for automated design of turbomachines operating
under nonuniform inflow in combination with gradientbased and gradientfree optimization methods.

Successful applications of BFM flow analysis are documented in Thollet (2017) and Gong et al. (1998). Both studies
demonstrated the capability of BFM to accurately reproduce distinctive flow features of fans and compressors operating
under nonuniform inflow conditions and related performance. The associated computational cost of these BFM analyses
was at a fraction of the computational cost of bladed computations of the same geometry. However, the potential of BFM
for design optimization has not been assessed yet in past studies.

The objective of the research described in this article is the development of a BFM within the opensource SU2
software (Economon et al. (2015)) with the ultimate goal of applying the method for automated design with adjointbased
optimization. The accuracy of the implemented BFM was assessed by comparing the flow quantities around a 1.5 stage
axial turbine obtained by means of RANSbased Bladed CFD(BCFD) computations to those obtained through BFM. The
computational cost of the BFM analysis was quantified in terms of CPU time and memory usage during the run time of the
solver.
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METHODOLOGY
Since the inception of BFM in 1964 (Marble (1964)), numerous BFM formulations have been proposed for the analysis

of specific turbomachinery components. In order to utilize BFM in design optimization, it is essential that the selected BFM
formulation: (i) produces accurate flow simulation results around blades with varying geometric parameters, (ii) requires no
calibration of the coefficients in the BFM formulation with respect to reference data, (iii) produces flow simulation results
of moderate to high accuracy with respect to those obtained through bladed CFD (BCFD) analysis.

The BFM considered in this research was initially developed by Hall (2015) and later modified by Thollet (2017). In
this model, the flow turning, entropy loss generation (Marble (1964)) and the effect of blade metal blockage are modeled
through source terms in the governing equations. The magnitude of these source terms depend on the local flow condi
tions (density, relative velocity magnitude, Mach number) and local, actual blade geometry (camber line orientation, blade
thickness distribution, spatial position).

Equation (1) shows the governing flow equations underlying the inviscid BFM solver. The first term on the right hand
side induces flow turning and generates pressure losses. The second term on the right hand side accounts for the effects of
blade metal blockage on the flow.
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The bodyforce vector FBFM in (1) composes of the normal and parallel bodyforce acting on the local, relative flow velocity
vector. The normal force (Fn) and the parallel force (Fp) are illustrated in Figure 1(a) along the camber line definition of
the blade geometry. The parallel force is oriented parallel and opposed to the local relative flow direction (W), while the
normal force is oriented perpendicular to the relative flow direction, see Figure 1(a). The mathematical expressions for the
normal and parallel bodyforces are

Fn = KMachρπW 2δ
1

sb|nθ |
, (2)

Fp = ρC fW 2 1
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, (3)

where, KMach is defined as
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andC f is the fiction coefficient defined as
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where W is the relative velocity magnitude, Mrel the relative Mach number, and δ the local deviation angle between
the relative flow vector and the camber line, see Figure 1(a).

The metal blockage factor (b) defines the local geometric definition of the blade blockage in the force terms and also
the second right hand side term in Eqn. (1), adapted from Thollet (2017). The metal blockage factor is defined as the ratio
between the streamwise blade spacing and the blade pitch, see Figure 1(b). The mathematical expression for the metal
blockage factor is

b =
s′

s
, (8)

where s′ is the streamwise blade spacing and s the pitch of the blade row, see Figure 1(b).
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(a) Illustration of bodyforce definition. The black line rep
resents the camber line definition of the blade, n is the
local normal vector and nθ is the tangential component of
the normal vector. Fn and Fp is normal and parallel force
acting on the camber line and W is the local relative flow
direction.
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(b) Illustration of metal blockage definition, where s is the
pitch of a blade row and s′ is the minimum distance be
tween adjacent blades.

Figure 1 Illustration of bodyforce definition in the axialtangential frame of reference.
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Figure 2 Aachen turbine blades cross section.

CASE STUDY
A comparative assessment between BFM and BCFD was made through simulation of the flow through a 1.5 stage

axial turbine by both solvers. The turbine geometry used in this assessment is also known as the Aachen turbine (Gallus
et al. (1993)). Thollets BFM was used to simulate the flow around intake fan and compressor blades, but never around
turbine blades. If the simulation results obtained through BFM were found to be accurate with respect to those obtained
through BCFD, it can be concluded that Thollets BFM is applicable to a wide range of turbomachinery geometries. Figure 2
illustrates the crosssection view of the prismatic blades Aachen turbine (Reever Stooss (2021)).

The BFM simulations were performed on a rectilinear grid where the bodyforce model is activated only in the regions
with virtual blades. Figure 3 illustrates the meridional view of the computational grid used for the BFM analyses, where
the red regions are the domains where the volumetric force field is activated. The BFM analysis was performed on meshes
with varying levels of cell count to demonstrate the scaling of accuracy and computation cost with mesh size. Exponential
mesh distributions were applied in the inlet and outlet regions of the domain, while biexponential and uniform distributions
were applied in the bladed regions and the row gaps respectively. The most refined mesh used for BFM simulations consists
of 40K hexahedral elements. Meanwhile, BCFD simulation was performed on a discretized blade passage with physical
blade definition. The mesh for BCFD simulations consists of 1.8 million hexahedral elements. The meshes used for the
BFM and BCFD simulations are shown in Figure 4(a) and Figure 4(b) respectively. The BFM mesh was generated using
ANSYS ICEM (Ansys (2019a)), while ANSYS TurboGrid(Ansys (2019b)) was used to generate the mesh used for the BCFD
simulation.

Themesh used for BFManalysis used only a single cell in the tangential direction of the domain, see Figure 4a. This was
possible due to the independence of the BFM flow solution on tangential node count for the simulation of periodic geometries
with uniform inflow conditions. The BFM flow solution independence from the tangential cell count was demonstrated in
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Figure 3 Meridional view of the computational grid for the BFM simulation. The grid is refined through variation of
the mesh refinement parameter Nx.

Table 1 Aachen blade computation channel dimensions, boundary conditions and solver settings

Parameter Unit Value(Stator, Rotor, Stator) Setting Type
Blade count  41, 41, 41 Turbulence model κ −ωSST

Rotation speed rpm 0, 3500, 0 Fluid model Ideal gas, R = 287Jkg−1 K−1

γ = 1.4
Hub radius m 0.250, 0.250, 0.250 Viscosity model SutherlandCS = 110.4

µref = 1.716×10−5 kgm−1 s−2

Tref = 273.15K
Shroud radius m 0.325, 0.325, 0.325 Conductivity model Constant Prandtl number

CKT = 0.0257
Boundary Type Value

Inlet pt 155000Pa, Spatial gradient model Weighted least squares
Tt 308K

Outlet ps 99614.9Pa Linear solver FGMRES, Error=1e−4
iterations=15

Blade surfaces noslip wall Flow numerical method JST
Sensor coefficients=(0.3,0.18)

Relaxation factor=0.75
Hub and shroud symmetry Turbulent numerical method Scalar upwind

Relaxation factor=0.95

Bunschoten (2020). The boundary conditions and solver settings used for both the simulations are listed in Table 1. The
convergence target for the BCFD flow simulation was was set to a residual reduction order of 6, while that of the BFM
simulation was set to 10.

RESULTS AND DISCUSSION
The accuracy of the BFMwas investigated onmesheswith increasing number of elements. Thesemesheswere obtained

by varying the axial node count Nx between 10 and 100, see Figure 3. Isometric views of the BFM and BCFD flow domain
can are shown in Figure 5. The accuracy of the BFM was assessed through comparison of the axial distributions of mass
flowaveraged flow properties between the BFM and BCFD simulation results. These flow properties include normalized
total temperature, normalized total pressure, mass flux and absolute flow angle. These flow properties were chosen for this
assessment, due to their significance in the design of turbomachinery components. In addition, the scaling of accuracy of
global performance parameter with mesh density was analyzed. In order to assess the scaling of accuracy the BFM flow
solution accuracy with mesh density, the deviation in terms of mass flux, totaltototal efficiency and outlet flow angle with
respect to the BCFD simulation results are plotted against Nx.

Streamwise distribution of flow properties
Total temperature and pressure

Figure 6 shows the streamwise averaged, normalized total pressure and total temperature. The grey regions in Figure 6
indicates the blade passages and the red region shows a ±5% deviation region with respect to the values obtained from
BCFD.

It can be observed that the mesh size does not have a significant influence on the absolute values of the BFM results
along the axial direction, see Figure 6, except for the coarsest mesh in Stator 1. The most prominent difference between
the results of both solvers can be found in the rotor region where the BFM result trends are at an offset with respect to
the BCFD solution, see Figure 6. This is due to the inherent limitation of the selected bodyforce modelling approach,
according to which the flowturning and bodyforce magnitude depend on the local incidence angle with respect to camber
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(a) Isometric view of the mesh used for the BFM simula
tion.

(b) Isometric view of the mesh used for the BCFD simula
tion.

Figure 4 Illustration of meshes for BFM and BCFD simulations.

(a) Isometric view of the BFM flow domain. (b) Isometric view of the BCFD flow domain.

Figure 5 Normalized static pressure distributions throughout the BFM and BCFD flow domains.

line. Consequently, as the flow enters the rotor row in alignment with the rotor camber line, no immediate flow turning
occurs. An appreciable amount of flow turning starts occurring only at a sufficiently large deviation angle.

Another appreciable difference in the trends can be observed close to the outlet of the flow domain (x=1.00), see
Figure 6 (right). It can be observed that the BFM overestimates the outlet total temperature drop and total pressure drop.
The cause of overprediction originates from the outlet of the rotor (x=0.7), see Figure 6 (left). A possible explanation for
this phenomenon will be elaborated upon in subsequent sections. Overall, it can be concluded that total temperature and
pressure are approximated with high accuracy by the BFM with respect to the BCFD results. Within the stationary vanes
∼1%, while within the rotor ∼5% of deviation was found.

Mass Flux
Figure 7 (left) illustrates the variation of areaaveraged mass flux. It can be observed that the BFM overestimates the

absolute values of the massflux when compared to BCFD results by ∼ 21%. The relative offset in mass flux between
the trends according to BFM and BCFD simulation results remained at a near constant value between the turbine inlet and
outlet. The mass flux trend of the BCFD simulation result was replicated in the BFM simulation results, as the relative
magnitude of the peaks in mass flux and their respective streamwise locations are equivalent to those observed in the BCFD
mass flux trend. The BCFD simulation mass flux trend replication by the BFM indicates that the metal blockage model was
properly implemented. The offset between the mass flux trends according to BCFD and BFM simulation results is arguably
caused by a streamwise flow momentum dissipation deficiency in the BFM simulation. Flow momentum in the streamwise
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Figure 6 Normalized stagnation pressure and stagnation temperature trend comparison between BFM and BCFD
results

direction is dissipated by the parallel force in Thollets BFM (see Equation 2). The current implementation of the parallel
force was developed for modeling boundary layer losses of intake fan blades. The momentum dissipation in the boundary
layer around thin fan blades is different from the dissipation experienced by the boundary layer around thick turbine blades,
such as those of the Aachen turbine.
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Figure 7 Mass flux and absolute flow angle trend comparison between BFM and BCFD results.

Absolute Flow Angle
An important performance parameter in the design of turbomachinery components is the flow deflection in blade rows.

Figure 7 (right) shows the distribution of the absolute, massfluxaveraged flow angle along the axial direction. It can be
observed that the BFM underpredicts the flow deflection in the first stator row by ∼ 5°. Subsequently, the BFM over
predicted the flow deflection in the rotor row by ∼ 10°. Similarly, flow deflection is overpredicted by ∼ 10° in Stator 2.
The variation in the results obtained through BFM is due to the inaccurate magnitude of the normal bodyforce component.
The normal bodyforce magnitude depends on the local, relative Mach number ( Eqn. (2)). As the Mach number is propor
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Figure 8 Bulk performance RMS for efficiency, mass flux and outlet flow angle as a function of Nx

Table 2 BFM convergence CPU time and average memory usage versus Nx

Nx 10 15 20 30 40 50 60 100
CPU time[sec] 26 79 170 496 1198 2468 4568 13811

Memory usage[MB] 27 48 72 125 231 358 518 979

tional to the flow rate, an overestimation in flow rate leads to an overestimation in Mach number. The overestimated Mach
number consequently resulted in inaccurate estimation of the normal bodyforce magnitude and therefore flow deflection.

The main differences between the BFM and BCFD results in terms of thermodynamic total quantities, see Rotor in
Figure 6, were caused by deviations in flow deflection. In turn, the deviation in flow deflection was caused by an overesti
mated Mach number distribution, which is related to an overestimated mass flux, as can be observed in Figure 7 (left). The
parallel force model of the BFM dictates the overall mass flux, which leads to the conclusion that the parallel force model
formulated by Thollet (2017) is illsuited for turbine applications.

Global Performance Parameters
It can be observed that the trends from BFM simulation results performed at a more coarse grid contained more nu

merical noise than more refined meshes (see Figure 6, Figure 7). In order to compare the BFM flow simulation results for
the range of mesh refinement levels analyzed in this research, the deviation of global performance parameters with respect
to the BCFD flow simulation results was calculated for the range of Nx considered in this study. These global performance
parameters include the turbine totaltototal efficiency, outlet mass flux and outlet flow angle.

Figure 8 illustrates the RMS deviation of the totaltototal efficiency (ηtt), mass flux and turbine outlet flow angle with
respect to the BCFD results at varying Nx. The deviation in terms of mass flux and outlet flow angle maintained a near
constant value of∼ 21% and∼−6% respectively with respect to the BCFD result. The deviation of totaltototal efficiency
according to the BFM simulation results reached a constant value of ∼ 5% beyond Nx = 30, indicated by the black, dashed
line in Figure 8.

Computational Performance
The CPU time required to obtain a converged solution of the Aachen turbine with BCFD was approximately 1080

hours and used on average ∼18 GB of RAM (Reever Stooss (2021)). Comparatively, the CPU time required for the BFM
simulation at the highest node count of Nx = 100 to converge was ∼ 3 hours and an average memory usage of ∼ 1 GB of
RAM.

On average, the convergence CPU time of the BFM simulation on the most refined grid was 300 times shorter than
that of the BCFD simulation. Additionally, the memory usage of the BFM simulation at this level of mesh refinement was
18 times less than the memory useage of the BCFD simulation. At the most coarse meshes which can be considered around
grid convergence(30 < Nx < 40), the computational cost reduces by an additional order of magnitude, resulting in a CPU
time and memory usage reduction of a factor∼ 5000 and ∼ 100 respectively.

CONCLUSIONS
The main objective of the research presented in this article is to assess the applicability of Thollets BFM in design

optimization. This objective was achieved through comparison of flow simulation results according to BFM and BCFD
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through a 1.5 stage, axial turbine geometry known as the Aachen turbine.
Based on the results presented in this study, the following conclusions can be drawn:

• The total pressure and temperature were estimated accurately in the stationary vanes(< 1% deviation), while an offset
between the BFM and BCFD trends was observed in rotor.

• The mass flux according to BFM overestimated that of the BCFD flow simulation results by about ∼ 21%. This
overestimation can be explained through an axial momentum dissipation deficiency by the parallel force model. A
parallel force model formulation suited for thick turbine blades would be required to obtain more accurate results in
terms of mass flux.

• The overestimation in mass flux resulted in an overestimated Mach number distribution throughout the turbine. This
caused deviations in terms of flow deflection in both the stator and rotor rows, ranging from 5° to 10°.

• The accuracy of the BFM results is almost insensitive to mesh size, apart from some oscillations present in the solution
obtained with the coarsest grid. Beyond a mesh size of ∼ 9600 cells, the BFM results were mesh independent.

• The CPU time and memory usage reduction enabled by the BFM accounted to 900 and 78 for the BFM simulation
mesh size of ∼ 9600 cells.
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