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Increasing demands on the performance and sustainability of modern turbofan engines 

put high requirements on each system component, and the limit of what is possible is 

expected to continue to extend. This thesis focuses on studies on the so-called turning struts 

concept which aims to shorten the compressor module of a future turbofan engine by 

introducing aerodynamically modified struts in the compressor mid-frame. Through CFD 

analysis and low-speed experimental evaluations, this concept is further developed with 

promising results attained in its early design stages. Important aerodynamic aspects related 

to this concept are highlighted, and appropriate conceptual design approaches are discussed. 

It was found that the length of the intermediate compressor duct could be reduced by up to 

20% by eliminating the need for the last stator row in the upstream compressor, whilst 

providing comparable or improved performance compared to conventional designs.  

Nomenclature 

  = Area 

h = Height 

L = Length 

R = Radius 

    = Momentum Thickness Reynolds Number 

  = Wall Normal Distance 

  = Turbulence Intermittency 

  = Dynamic Viscosity 

  = Shear Stress 

  = Density 

  = Pressure Loss 

 

Subscripts 

in = Duct Inlet 

out = Duct Outlet 

w = Wall 

 

I. Introduction 

his thesis is aimed towards design, evaluation and method development of the so-called turning struts concept. 

By using GKN Aerospace in-house design tools and Computational Fluid Dynamics (CFD), a series of turning 

struts concepts were investigated and compared back-to-back with a conventional design. A number of 

multidisciplinary requirements for the design were considered such as its influence on neighboring components, and 

its manufacturability and preservation of integrity of vital engine structure, whilst the main focus lies on 

aerodynamic aspects.  
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Figure 1. The CMF component, the LPC to HPC duct, 

and a symmetric strut.
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Figure 2. Meridional (axial-radial) view of the 

conventional and turning struts configurations.
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Figure 4. CMF duct local pressure effects.
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Figure 3. Strut concepts.
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The efficiency of modern turbofan engines is improved by dividing the compressor in a low/intermediate-

pressure compressor (LPC) and a high-pressure compressor (HPC). The Compressor Mid Frame (CMF) is a 

structure that connects the LPC to the HPC, whilst also connecting the engine to the wings of the aircraft. As such, 

the CMF is subject to high structural requirements, but also needs to provide lubrication to the shafts and bearings in 

the center of the engine, and to do so with an internally S-shaped geometry in order to adapt to the difference in 

diameter between the LPC and HPC, as seen in Fig. 1 and Fig. 2.  

The design of the duct within the CMF is thus of high complexity, and importance, as any disturbances to the flow 

will directly impact the HPC and thus the performance of the entire engine. The 

method used to minimize the flow interference generated by the lubrication tubes 

and stiffening structures in modern turbofan engines is to form symmetrical airfoils 

enclosing the tubes, thus creating wing-like struts strong enough to sustain the 

structural requirements.  

The idea behind the turning struts concept is to utilize these wing-shaped 

geometries in a sophisticated manner and combine the purposes of the struts and the 

Outlet Guide Vanes (OGV) of the LPC, which is to redirect and straighten the flow 

to a desired swirl angle. This could thus have the potential to improve general 

performance or even make the OGV’s obsolete in the presence of turning struts. By 

removing the OGV, or the last stator row in the LPC, the length and weight of the 

compressor module could potentially be reduced, both important aspects for a next 

generation high performance turbofan engine. Figure 3 demonstrates the non-turning 

conventional configuration (NT) together with a moderately turning concept (MT) 

and a fully turning concept (FT).  

II. CMF Aerodynamics 

The flow within the CMF duct is complex as it is a unsteady, highly 3-dimensional and turbulent flow with 

strong curvature, subject to numerous local effects. As illustrated in Fig. 4, the duct endwalls (hub - lower radius, 

shroud - higher radius) induce local high and low pressure regions that redirects the flow. The strut creates a 

physical blockage in the duct that forms a convergent-divergent 

passage, which in turn causes strong pressure gradients. There is also a 

global pressure gradient associated with the area ratio between the duct 

inlet to duct outlet. The turning vane concept adds further complexity 

as the flow enters the duct non-axially, referred to as inlet swirl, in 

addition to the incoming vortices, wakes and secondary flows 

generated by the upstream components. 

The struts are designed to produce a specific local pressure 

distribution which effectively turns the flow in the circumferential 

direction, and they form a cascade as they are mounted annularly in 

the duct, thus interacting with each other aerodynamically. As such, 

secondary flows are generated also within the duct, and dominate the 
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Figure 5. Horseshoe vortex. 

 
 

 

flow near the endwalls, in particular near the hub due to its strong adverse pressure gradients in combination with 

low momentum.  

The suction side of one strut lies next to the pressure side of the neighboring strut in the cascade, creating a 

pressure field giving rise to endwall crossflow in the passage. As the flow boundary layer approaches the strut, a 

horseshoe vortex is formed with one leg on the suction side of the strut and one leg on the pressure side, which 

results in two so-called separation lines, marked with red and yellow respectively in Fig. 5. The leg that continues 

on the pressure side is often referred to as a passage vortex and is, due to the endwall crossflow, progressing towards 

the suction side of the neighboring strut, where it may merge, interact or stay 

separate from the suction side leg of the neighboring strut horseshoe vortex. The 

superimposed result of these effects is a high risk of flow separation and so-

called vortex roll-up, where the flow travels from the hub up towards the shroud 

on the suction side of the strut, near its trailing edge, due to strong adverse 

pressure gradients in this region. This is one of the main difficulties associated 

with aggressive and turning strut ducts as these separations cause losses and 

asymmetric distortions to neighboring components, reducing their efficiency and 

stability. 

The more struts the cascade contain, less aerodynamic load needs to be 

handled by each individual strut, thus reducing the risk of separation, but in turn 

increasing the losses due to friction. Therefore, a term called solidity is commonly used as a comparative measure of 

the amount of solid material within the duct, and is defined as strut chord divided by circumferential blade spacing 

in the cascade. The friction losses lower the efficiency of the duct, and the struts induce distortions to the 

downstream component (HPC) in form of a local velocity deficit, referred to as a wake. Hence, a trade-off between 

efficiency and stability needs to be made by the design engineer in order to achieve optimum performance.  

For the interested reader, the author recommends e.g. Anderson2 for further documentation regarding 

fundamental aerodynamic principles, and Lakshminarayana3 for more details on turbo-machinery aerodynamics. 

III. Concept Requirements and Design Approach 

In order for the turning struts concept to be competitive against conventional designs in future implementation, 

four requirements were preliminary established for evaluation during simulations and experiments. Firstly, the 

pressure loss  , defined as total pressure decrease over the duct divided by the rotor exit dynamic pressure, should 

be equal to or lower than the stator- and duct loss of the conventional design at aerodynamic design point (ADP) 

conditions, and large loss regions associated with vortices not found in the conventional design should be avoided. 

The flow exiting the duct should be acceptable in terms of swirl angle, circumferential and radial distortion, and the 

turning struts arrangement should not cause detrimental upstream distortion in terms of excessive non-uniform 

compressor work or in terms of rotor blade forcing. In order to quantify this requirement, the aim was set to allow a 

variation in static pressure at the rotor-duct interface of no more than 10% of the dynamic pressure, on any of three 

different span locations; 10%, 50% and 90% span, at ADP conditions. Further, the design should be robust and not 

cause large separations when operated off-ADP for up to ±10 degrees variation in inlet swirl, and provide acceptable 

part-speed operation. The rotor exit swirl for all configurations was roughly 45 degrees at ADP conditions and the 

target duct outlet swirl was 0 degrees. 

The baseline strut count was based on previous studies performed by GKN Aerospace (former Volvo Aero), 

resulting in 16 thick, moderately complex, 3D-shaped struts.4 These were stacked in a straight line (0 degrees lean in 

the radial-circumferential plane, and 15 degrees sweep in the axial-radial plane) at the location of maximum 

thickness. The maximum thickness and leading- and trailing edge thicknesses were set to account for necessary oil 

pipe clearance, structural requirements and manufacturing efficiency. A revision of the baseline concept performed 

at GKN resulted in a modification of this configuration by replacing half of the struts with non-structural, thin 

splitter vanes allowed to adapt a more complex 3D-shape. In order to reduce the number of variables in the design 

process, the duct endwalls, having a large influence on the flow in the duct, was designed with first priority, 

followed by the geometrically restrained struts, and thirdly the splitter vanes. The geometry and duct position of the 

splitter vanes could thus be systematically studied in its effect on the performance of the duct, with only small 

modifications to the duct and strut geometries when necessary.  

A conventional, a moderately turning, and a fully turning low-speed configuration were created and evaluated 

with CFD-analysis. These were to be compared to a moderately- and a fully turning concept design evaluated in a 

low-speed experimental setup. Each concept required an individually designed duct shape in order to perform 

optimally, however all duct geometries had the same values of the four non-dimensional parameters which, 
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  Figure 8. Duct area distributions. 

 
 

 

 
Figure 6. The design and simulation process. 

 
 

 

 
Figure 7. Duct area ruling. 

 
 

 

according to Britchford5, determine the aerodynamic features of an S-shaped duct. These parameters are the duct 

area ratio (        ), mean radius ratio (        ), the non-dimensional length defined as duct length divided by 

inlet height (     ), and the non-dimensional radius change, defined as mean radius change between inlet and outlet 

divided by duct length (    ). Refer to Appendix A for detailed illustrations of duct nomenclature. 

The most promising concept was scaled to a realistic, high-speed configuration by increasing the strut and vane 

chords and maximum thicknesses to maintain the same chord to thickness ratio, and was implemented in a generic 

duct geometry estimated for next generation turbofan engines. The Mach number and flow function, defined as the 

mass flow divided by the total pressure multiplied by the square root of the total temperature, was used to estimate 

representative design point conditions by comparison of similar full size engines in the conversion from low to high-

speed configurations. This was performed in order to investigate potential effects of compressibility or other, 

unexpected effects, which might vary for the turning struts concept in low- and high-speed conditions. 

IV. The Design and Simulation Process 

The various concepts were investigated through the iterative scheme shown in Fig. 6. This section will briefly 

summarize the most important aspects of each step in the 

process. 

A. CMF Duct Design 

The duct endwalls were designed initially with a fifth 

order polynomial fulfilling desired axial and radial positions, 

slope angles and curvatures of the duct inlet and outlet. Local 

adjustments were then made by superposition of basis 

functions. The aim for the local adjustments were to provide a 

tailor-made duct shape, considering the required duct shape, 

swirl, and blockage generated by the vanes, and is referred to 

as area ruling, exemplified in 

Fig. 7. Consider the example 

duct area distributions, from 

duct inlet to duct outlet, shown 

in Fig. 8. The blue curve represents the axial area distribution throughout the duct 

without any swirl or vanes, and the purple curve the meridional equivalent, i.e. the 

area distribution of cross sections normal to the mean line of the duct. The yellow 

curve represents the meridional area distribution when considering the swirl 

in the duct, introducing a factor             to the effective area.  The cyan 

curve adds the blockage effect of the vane to the swirl-compensated 

meridional area distribution. The sudden drop that separates the cyan from 

the yellow curve marks the leading edge of the vane, and is followed by the 

minimum passage area, which marks the location of the maximum thickness 

of the vane. Thereafter, this particular duct is area-ruled to quickly regain 

area, while still approaching the effectively larger outlet area. The sudden 

area increase in the intersection of the yellow and cyan curves marks the 

trailing edge of the vane. The four non-dimensional parameters for the 

experimental configurations were              ,              , 

           and         . Note that the ratios are reorganized and 

given as ratios other than defined in section III. Also note that the duct 

endwalls were designed as axisymmetric at this stage. 

B. CMF Vane Design 

The vanes were created by stacking and via cubic splines interpolating airfoils defined at thirteen span-wise 

sections, designed through superposition of a desired camber line and thickness distribution. Refer to Appendix A 

for illustrations of vane nomenclature. The desired chord length and duct position was set, and the camber line was 

created by setting desired leading and trailing edge design parameters. A GKN in-house thickness distribution was 

utilized to define vane-design parameters such as maximum thickness, location of maximum thickness, and leading 

and trailing edge shapes. A thick leading edge and/or a large wedge angle allows larger deviations in incidence 

angle, the angle at which the flow approaches the leading edge of the vane, and is a desirable attribute for off-ADP 
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       (a) Duct domain mesh.                               (b) Strut O-grid.                        (c) Problem areas. 

       Figure 10. Automated mesh considerations, illustrated on medium mesh at mid-span. 

 
 

 

 
Figure 9. Mesh study results. 

 
 

 

robustness. However, this also increases upstream forcing, losses, and may cause premature separations on the vane 

suction side just aft of the leading edge. A large trailing edge thickness usually increases the wake size and losses 

thereof, however certain margins are needed to account for manufacturability and thus sets a lower limit on the 

thickness.  

C. Preliminary CFD Analysis 

VolVane provides a simple inviscid flow solver routine, solving the Euler equations (see e.g. Ref. [2] p.116).  

given a set of boundary conditions. The inlet boundary conditions can be defined either as constants or specific 

radial profiles in terms of inlet swirl, total pressure and total temperature. The outlet static pressure may be set as a 

constant throughout the span, or as a function via radial equilibrium3. This tool automates a structured 

computational grid and was used to preliminary verify the feasibility of new designs and to find approximate outlet 

boundary condition values providing the desired flow properties such as mass flow or Mach number, later used as a 

first guess input to the RANS CFD analysis, described in section IV-E. 

D. Mesh Generation 

The parametric, script based in-house software G3DMESH automates 

structured surface meshes to the geometry exported from VolVane. An O-grid 

is created around the vanes, blocks of volume elements are created in the 

passage between them and in the duct inlet and outlet regions, and are 

assembled to form a consistent structured mesh. With this method, only small 

adjustments were needed for each design loop in terms of inlet and outlet block 

rotation. A mesh-study was performed in order to address accuracy, and 

dependence of the settings used in the script. To this, a coarse mesh was created 

onto which the number of nodes were doubled and the node spacing was halved 

in all directions, creating a fine mesh. A medium mesh was created by setting 

the number of nodes and node spacing as values in between those for the coarse 

and fine meshes. The script-generated coarse mesh thus included approximately 

500,000 elements, the medium mesh 1,700,000 elements, and the fine mesh 4,000,000 elements, as illustrated in 

Appendix B. The dependence of mesh resolution is demonstrated in Fig. 9 by the calculated total pressure loss for 

identical flow conditions using Richardson extrapolation6† to produce data for a zero grid spacing coefficient. Figure 

10a shows one eight of the annular duct, the inlet and outlet blocks, the passage blocks on the pressure and suction 

side of the strut, as well as the O-grids on the vanes, and is limited by its rotational edges. Figure 10b shows a close-

up of the O-grid around the strut, and Fig. 10c shows one of the intersection areas of blocks where the automated 

mesh script required particular consideration. For more extreme designs, for example a splitter vane substantially 

shorter than the strut but with leading edge aligned with the strut leading edge, the boundary connecting the trailing 

edges of the strut and splitter vane would typically include negative volume elements, and modifications of the 

block settings would become necessary. Using this method, neither gaps between the rotating rotor section and 

stationary duct section, tip gaps between rotor blade and shroud, nor fillets were modeled, which was justified by 

considering the relatively early stage of the concept development process. 

Computational grids for the pre-swirler, rotor, OGV‡ and duct domains were included in the low-speed 

configuration simulations, whereas only the duct domain was modeled for high–speed simulations as no high-speed 

compressor components were available at this stage. The computational domains were modeled as periodic 

geometries in order to reduce computational cost, as illustrated in Fig. 11. The meshes in the duct and OGV domains 

were resolved to      , whereas the meshes for the rotor and pre-swirler were          and          

                                                           
† With a solver accuracy of order 1.95 based on the results from the three meshes. 
‡ Only for the conventional and moderately turning configurations. 
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Figure 12. Law of the wall.
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Figure 11. Computational domains. 

 
 

 

respectively, hence wall functions were utilized to simulate the flow 

near walls for these domains, as will be discussed in the next section. 

The number of nodes for the rotor and pre-swirler domains was 

430,000 and 520,000 respectively. 

E. CFD Analysis 

The computational grids were imported into the ANSYS CFX7 

pre-processor, in which desired settings to solve the Reynolds 

Averaged Navier-Stokes equations (RANS) were defined. The 

RANS equations are five partial differential equations derived from the governing equations of fundamental fluid 

mechanics describing conservation of mass, momentum, and energy, modified to model turbulent flow. The so-

called mixing planes method was used at interfaces between domains, set to preserve the total pressure across the 

interface.  The flow was modeled as an air ideal gas with viscosity according to Sutherland’s law ([2], p.723). The 

solver was set to use the ANSYS CFX High Resolution scheme which may be regarded as close to second order 

accurate, bounded by the principles of Barth and Jesperson8. The turbulence was modeled using the Menter    SST 

model, a widely used method for similar applications in industry, particularly suitable for flows over curved surfaces 

incorporating strong adverse pressure gradients and boundary layer separations. Transition from laminar to turbulent 

flow was modeled with the ANSYS CFX     -method which utilizes locally formulated transport equations for the 

turbulence intermittency   and the momentum thickness Reynolds number     to trigger transition through an 

empirical correlation developed to cover both bypass transition§ as well as flows in low free-stream turbulence 

environments. 

The walls were modeled as adiabatic, smooth, no slip walls and with an automatic wall function routine provided 

by ANSYS CFX. This routine is an extension of the method by Launder and Spalding9 where empirical formulas are 

automatically activated in the so-called buffer layer to connect the wall boundary conditions of the viscosity 

dominated fully resolved region with the inertia dominated wall function region, as illustrated in Fig. 12. Close to a 

solid surface, the mean flow velocity depends only on the distance from the wall  , the fluid density   and 

viscosity  , and wall shear stress   . An appropriate velocity scale is introduced by dividing the mean flow velocity 

with the so-called friction velocity              giving                        . The viscous sub-

layer is usually very thin, thus by assuming that the shear stress is 

constant and equal to the wall shear stress           , and 

        , it can be shown that          and       in 

this region. Above the buffer layer in which empirical formulas 

are required to solve the flow properties, the log-law function is 

utilized, defined as                  where   is the von 

Karman constant, and   is a log-layer constant depending on the 

wall roughness. For the interested reader, Ref. [11] provides good 

details on CFD fundamentals such as wall treatment, solver 

schemes and turbulence modeling.  

For the simulation of the low-speed configurations used in the 

experimental setup, an assumed pure axial flow with a uniform 

total temperature, a total pressure profile provided from previous 

S-shaped duct experiments performed at the Loughborough 

University test rig, shown in Appendix C, and the ANSYS CFX 

standard turbulence setting of 5% intensity and eddy viscosity 

ratio of 10 as pre-swirler inlet boundary condition was used. 

Similarly to the test rig, off-ADP conditions were controlled by adjusting the mass flow, here defined at the duct 

outlet as 4.43 kg/s at ADP. As mentioned, only the duct domain was considered for the high-speed configurations, 

with radial profiles for the total temperature, total pressure and swirl angle defined at the duct inlet. These were 

found by onto provided estimated next generation turbofan generic profiles adding a slight adjustment to account for 

the presumed effect of the lack of OGVs, based on simulated and experimental results of the low-speed 

configurations, as demonstrated in Fig. C.1 in Appendix C. In order to model the turbulence justly for the high-

speed versions with all components upstream of the duct removed, representative duct inlet turbulence parameters 

were needed. ANSYS CFX require either standard settings based on the turbulence intensity level to be used, or 

specified values for pairs of turbulence parameters such as its kinetic energy, dissipation, frequency, intensity,  

                                                           
§ A form of transition induced by free-stream perturbations, common in turbo-machinery flows. 
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Figure 13. Total pressure coefficient contour plots for the non-, moderately-, and fully turning configurations. 

 
 

length scale or viscosity ratio to be defined. The viscosity ratio and turbulence intensity was estimated to provide the 

most representative results between low and high-speed configurations, and were defined by averaging the 

corresponding values over the span from the duct inlet of the low-speed version simulation, resulting in 3% for the 

intensity and 40 for the viscosity ratio. The outlet boundary condition was set by static pressure, determined in 

VolVane by matching representative full scale engine data with an average duct inlet Mach number of 0.55. Off-

ADP conditions were simulated by simply adding a uniform distribution of the desired swirl angle variation to the 

inlet swirl profile. The analyses were performed using the ANSYS CFX solver where convergence was considered 

to be met when the variations in flow properties such as mass flow, loss coefficient, flow coefficient and stage 

loading of the rotor had leveled out or varied less than ±1% between iterations, and the root mean square residuals of 

the conservative mass, momentum and energy variables had leveled out below 1e-5. The convergence criteria also 

served as an additional measure of off-ADP robustness, as discussed in section VI. 

V. The Experimental Setup 

Two turning struts concepts were to be compared in the Loughborough University test rig; one design with a 

moderately turning duct, with part of the redirection of swirl made in the OGV row and part by the turning struts, 

and one design with fully turning struts/splitter vanes. The potential benefit of the moderately turning struts concept 

would be to partially unload the OGV aerodynamically, and thus be able to improve its robustness and efficiency, 

whereas the fully turning concept would have the benefit of removing the entire OGV component. Both 

configurations included 53 rotor blades, and the moderately turning design included 48 OGV’s with 25 degrees 

turning and 8 struts with 20 degrees turning. The fully turning concept excluded the OGV’s, thus removing 20% of 

the length of the CMF compared to the conventional configuration. By removing the OGV’s and utilizing 8 struts 

and 8 splitter vanes, together turning the flow by 45 degrees, the total amount of vanes in the fully turning 

configuration was thus 72 less, compared to the conventional configuration. 

The test rig included a low-speed, one-staged compressor operating at a fix rotational speed of 2 000 RPM, with 

an estimated mass flow of 4.43 kg/s at ADP with an outlet Mach number of 0.13. The Reynolds number was 166 

000 and 455 000 based on duct inlet height and strut chord respectively. The stage loading factor, defined as specific 

stage work output divided by squared mean rotor blade velocity, and the flow coefficient defined as axial velocity 

divided by the mean rotor blade velocity, being commonly used compressor design parameters12, was 0.3 and 0.55 

respectively at ADP.  

Appendix D includes a draft of the Loughborough test rig used for the experiments.  

VI. Results and Discussion  

In March 2014, the experimental evaluations of a moderately turning configuration, not designed by GKN, were 

completed and the acquired data could be used to compare simulated and experimental results, with good correlation 

achieved, exemplified in Appendix C and E with the rotor- and duct exit swirl angle, Mach number, and total- and 

static pressure profiles. A fully turning design, referred to as FT, was thereafter suggested and sent for 

manufacturing to be evaluated in the test rig in the summer 2014. Meanwhile, the FT design was converted to a 

high-speed version by increasing the chord length based on a generic model, whilst maintaining the thickness to 

chord ratio. This design thereafter acted as a baseline for further computational studies. This section will summarize 

some of the most important findings from the simulations of the low- and high-speed configurations, and discuss the 

process in which the concepts were developed. Additional results data may be found in the Appendix section.  

A. Pressure Loss and Separation Tendencies 

The four benchmark requirements described in section III can be interpreted as that the designs should keep the  

pressure loss to a minimum, not include large areas of separation or induce a large amount of upstream forcing, and 

provide a close to uniform 0 degrees duct exit swirl profile. Comparing the fully turning concept with a conventional 

design, pressure loss due to wetted surface friction is reduced because of the reduction of length and vane count. The 

struts aerodynamic loading does however give rise to strong secondary flows associated with losses. Figure 13 
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Figure 15. Forcing on FTHS_0 and FTHS2SV_0 hub endwalls and corresponding forcing chart on 10% span. 

Figure 16. The generic high-speed duct 

configurations. 

 
Figure 14. Duct separation tendencies – streamlines, negative axial velocity and pressure distributions. 

 
 

 

demonstrates this by comparing the pressure loss propagation of the conventional, moderately-, and fully turning 

struts configurations. In Fig. 13, the vortex roll-up can be seen as a high loss region in the wake above 50% span in 

the fully turning configuration, and is further demonstrated in Fig. 14 showing regions of negative axial flow and 

surface streamlines. A small separation associated with the strong radial migration on the suction side can be related 

to the corresponding strut suction side loading curve also displayed in Fig. 14 as a plateau in the region of strong 

adverse pressure.  

The chord length, camber lines and thickness distribution affects the individual vane pressure distribution, and thus 

have a large influence on the resulting adverse pressure gradients and separation tendencies. However the loading, 

or pressure distribution, will also be affected by the neighboring vanes in the cascade (recall the term solidity), and 

the pressure field generated by the S-shaped duct. As such, the loading of a vane may be altered by varying both its 

individual shape but also its interaction with neighboring vanes and duct position, which in turn will largely 

influence the other aerodynamic requirements, such as upstream forcing.  

B. Upstream Forcing 

The set forcing limit was achieved for the low-speed fully turning configuration with a forcing of 7%, 5%, and 

5%, at 10%, 50%, and 90% span respectively. However, as the FT design was converted to high-speed conditions 

(referred to as FTHS_0), these forcing levels increased to 44%, 27%, and 19% respectively. Figure 15 illustrates the 

phenomenon by projecting the pressure coefficient where forcing was the most pronounced, the hub region, for two 

high-speed designs together with the corresponding forcing chart. As demonstrated in Fig. 15, the variation in static 

pressure is strongly related to the blockage and aerodynamic loading of the vanes. In an attempt to suppress these 

variations, an additional splitter vane was introduced to the FTHS_0 

design as a means to control the variation pattern and re-distributing the 

aerodynamic loads. This version, referred to as FTHS2SV_0 in Fig. 15, 

thus reduced the forcing levels to 32%, 20%, and 14% respectively. It 

was also found that the forcing could be significantly reduced by 

varying the vanes’ axial and/or circumferential duct positions.  

Figure 16 shows a generic high-speed conventional duct 

configuration and the generic high-speed turning duct configuration 

with three particularly interesting leading edge-aligned axial positions. 

These positions are the initial position used for the low-speed design, 

and two positions 7% and 9% of the duct length further downstream, 
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    (a) Low-speed designs.              (b) Trailing edge shapes.              (c) Chord length influence.        (d) High-speed designs. 

   Figure 18. Duct exit swirl profiles. 

 
(a) Bow-shaped TE.       (b) Straight TE.           (c) Local Lean TE.    

Figure 19. Secondary flow design considerations.  

 
 

 

Figure 17. Forcing trends.  
 

referred to with index 0, 1, and 2 respectively. To align the vanes at their leading edges generally provided the most 

promising results when considering all requirements, seemingly regardless of the individual vanes’ design, or their 

respective circumferential and axial positioning. Note that by simply shifting the axial position of the vanes, and not 

adjusting their geometry or duct area-ruling accordingly, the incidence angles and duct convergence/divergence 

pattern will be affected and likely decrease the performance of the design.  

By shifting the two- splitter vane configuration to index 1 and 2, the 10% span forcing could be reduced from 

32% to 15% and 13% respectively. The general trend of the forcing vs. axial position was investigated, as 

demonstrated in Fig. 17.  This suggests that the forcing requirement could be achieved by moving the vanes 

downstream from the initial position by 15% of the duct length. A relevant 

question thus to ask is how far downstream the struts may be positioned 

relative to the HPC. By comparing the strut to HPC distance for a 

representative conventional turbofan engine, the 15% shift would still imply 

a larger strut to HPC distance for the two- splitter configuration compared to 

the conventional configuration. As these struts include additional effects due 

to the turning feature however, the impact on downstream components 

would still need to be evaluated, and since no explicit requirements on 

downstream distortions were established at this stage, no conclusions could 

be drawn on this matter. For reference, if the duct would be extended by the 

same amount of which the vanes are shifted downstream, thus maintaining 

the generic model strut to HPC distance, the effective length reduction would be approximately 8%, 1% and 0% for 

index 0, 1, and 2 respectively.  

C. Duct Exit Swirl Profiles 

As mentioned, no explicit requirements were defined for downstream distortion, however a uniform 0 degrees 

duct exit swirl profile was targeted.  The resulting swirl profiles from the three low-speed configurations are 

displayed in Fig. 18a. One benefit of the conventional design using symmetrical struts throughout the duct is that the 

resulting outlet swirl profile closely adapts to a uniform 0 degrees distribution, whereas turning configurations 

struggle with irregularities and endwall over-turning, giving rise to the highly 3D shape of the designed splitter 

vanes as demonstrated by the bow-shaped trailing edges in Fig. 19a. The swirl profile effect of the bow-shaped 

trailing edge is exemplified in Fig. 18b where a 

low-speed fully turning design with a bow-

shaped splitter vane trailing edge is compared 

with the same design, but with the splitter vane 

trailing edge modified to resemble the strut 

trailing edge as demonstrated in Fig.19b. As seen 

in Fig. 18b, the turning at mid-span is decreased, 

and the turning near the hub is increased, whereas 

the shroud region is practically unaffected by this 

modification. As for the other benchmark criteria, only minor deviations were found between these designs, thus 

suggesting that a straight splitter vane trailing edge may be worth considering if a less 3D-shaped splitter vane is 

desired. An alternative to the continuous flex of the trailing edge is a local lean variation, shown in Fig. 19c inspired 

from a modern OGV design. The influence of the splitter vane chord length is demonstrated in Fig. 18c comparing 

results obtained when increasing the splitter vane chord length from 75% of the strut chord length to 100%. The 
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 Figure 20. Velocity triangles for a co- and contra-rotating compressor configurations. 

Table 1. Performance summary. 

 

    
(a) +10 deg: index 0         (b) +10 deg: index 1      (c) -10 deg: index 1   

Figure 21. Two- splitter separation tendencies. 

 
 

 

axial position of the vanes also acts as a measure of altering the duct exit swirl profile, as demonstrated in Fig. 18d 

comparing the swirl profiles generated by the FTHS2SV configurations.  

For this study, a swirl profile with 0 degrees was targeted. In practice, however, the first HPC rotor is often 

designed for a certain amount of pre-swirl in order to reduce the relative difference in speed between the rotor and 

the incoming flow. It does so by utilizing inlet guide vanes which pre-swirls the flow as it approaches the rotor. The 

turning struts concept could thus potentially be utilized to assist with this pre-swirling. This is particularly suitable 

for co-rotating configurations as the effective required turning would decrease, as illustrated in Fig. 20, which would 

unload the struts and thus potentially improve design performance and robustness.  

D. Design Robustness 

As for off-ADP performance, all configurations, conventional and turning, low-speed and high-speed, 

demonstrated separation tendencies at large positive (increased inlet swirl) off-ADP conditions. Figure 21a and Fig. 

21b compares the vortex roll-up separation 

at +10 deg off-ADP conditions for the two- 

splitter configuration at axial position index 

0 and index 1 using isosurfaces of negative 

axial velocity, and demonstrates the 

importance of designing both duct and 

vanes simultaneously (recall the term area-

ruling). Figure 21c shows the -10 deg off-

ADP results for the FTHS2SV_1 

configuration where a separation is formed 

on the pressure side of the splitter vane closest to the strut suction side. This is a mentionable feature for turning 

struts design as it demonstrates the significance of individual vane design. 

These separations caused convergence issues and the established convergence criterions could not be met for 

large positive off-ADP simulations. As such, some of the most important results from the simulations of the low-

speed and two- splitter high-speed configurations at +5 degrees inlet swirl off-ADP conditions are presented in 

Table 1, together with corresponding ADP and -10 degrees off-ADP results.  

E. Summary 

As proposed by the results in Table 1, the 

pressure loss may be significantly reduced by 

utilizing a turning struts concept. The resulting 

swirl profile and robustness of the fully turning 

concept shows promising behavior, and it is 

believed that further optimization can provide 

competitive results to a conventional configuration.  

The study suggests general guidelines as for 

how various design variables impact on the stated 

benchmark requirements, summarized in Fig. 22 

where features of particular importance to a specific 

requirement are mapped. However, further 

consideration regarding distortion requirements 

would be necessary in order to properly justify the 

chosen design approach.  
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Figure 22. Turning strut guidelines. 

 
 

 

VII. Conclusion  

A series of turning struts 

configurations has been evaluated back-

to-back with a conventional non-turning 

duct configuration using CFD analysis. 

Experimental data has been utilized to 

account for effects due to the turning 

struts feature on the modeling 

assumptions such as inlet boundary 

conditions. A low-speed turning struts 

design was proposed and sent for 

manufacturing to be experimentally 

evaluated in the summer 2014. A high-

speed version was developed based on 

the learnings of the low-speed 

configurations to evaluate further conceptual approaches and investigate the implications of installing a turning 

struts concept in a full-scale turbofan engine from an aerodynamic perspective.  The turning strut concept shows 

promising potential for a next generation turbofan engine, but more elaborate requirements regarding upstream and 

downstream distortions need to be declared and evaluated in the following stages of the concept development. 

However, there appears to be a variety of turning struts design approaches to treat a majority of the encountered 

related aerodynamic difficulties of the turning strut concept. Further recommended work would also consist of duct 

and vane design optimization, to evaluate the possibilities of non-axisymmetric endwall contouring in order to 

further improve the CMF duct area ruling, and to investigate to possibilities of utilizing a third splitter vane. 
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