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ABSTRACT 
In this paper, we present an extensive numerical study on the 

interaction between the downstream fan and the flow separating 

over an intake under high incidence. The objectives of this 

investigation are twofold: (a) to gain qualitative insight into the 

mechanism of fan-intake interaction and (b) to quantitatively 

examine the effect of the proximity of the fan on the inlet 

distortion. The fan proximity is altered using the key design 

parameter, L/D, where D is the diameter of the intake and L is 

the distance of the fan from the intake lip. 

         Both steady and unsteady Reynolds Averaged Numerical 

Simulations (RANS) were carried out. For the steady 

calculations, a low order fan model has been used while a full 

3D geometry has been used for the unsteady RANS. The 

numerical methodology is also thoroughly validated against the 

measurements for the intake-only and fan-only configurations 

on a high bypass ratio turbofan intake and fan respectively. To 

systematically study the effect of fan on the intake separation 

and explore the design criteria, a simplified intake-fan 

configuration has been considered. In this fan-intake model, the 

proximity of the fan to the intake separation (L/D) can be 

conveniently altered without affecting other parameters.        

        The key results indicate that, depending on L/D, the fan 

has either suppressed the level of the post-separation distortion 

or increased the separation-free operating range. At the lowest 

L/D (~ 0.17), around a 5° increase in the separation-free angle 

of incidence was achieved. This delay in the separation-free 

angle of incidence decreased with increasing L/D. At the largest 

L/D (~ 0.44), the fan was effective in suppressing the post-

separation distortion rather than entirely eliminating the 

separation. Isentropic Mach number distribution over the intake 

lip for different L/D's revealed that the fan accelerates the flow 

near the casing upstream of the fan face, thereby decreasing the 

distortion level in the immediate vicinity. However, this 

acceleration effect decayed rapidly with increasing upstream 

distance from the fan-face. 

INTRODUCTION 

 

The next-generation aircraft engines operate at a high bypass 

and low fan pressure ratios. The intakes of such aero engines 

have a larger diameter and thus require a shorter length to 

compensate for the increase in the drag. However, when 

compared to the conventional intakes, shorter intakes suffer 

from reduced diffusion capability which can cause the flow to 

separate more easily on the nacelle, specifically under off-

design conditions. There is also a potential for an increased 

aerodynamic interaction between the intake and downstream 

fan. The overall performance is sensitive to this interaction of 

the separated flow with the fan.  

 

 
Fig. 1: Schematic showing the flow physics around an 

intake operating under a typical off-design high-incidence 

condition 

 

      The flow past an intake lip is highly complex, specifically 

under off-design conditions. It has several zones with 

contrasting flow physics as illustrated in Fig. 1. These include 

zones of (a) accelerating flow around the intake lip (b) shock 

induced boundary layer separation and (c) transition to 

turbulence. Under the off-design operating conditions of higher 

angles of incidence or due to severe crosswinds, the flow 

separates on the lip. The separated flow is inherently unstable 

and undergoes transition to turbulence. The size of the 

separation determines the distortion at the fan face which will 

influence the performance of the fan and its compatibility. 

 

Previous work: 

An improved understanding of the intake aerodynamics and its 

interaction with the fan is hence crucial in developing the 

modern aircraft engines. Extensive studies were carried out in 

the literature by various researchers to address this issue. These 
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studies can be broadly classified into the following categories, 

which explored the effect of the: (a) Off-design conditions like 

high-incidence and crosswinds on the intake-only configuration 

[1] and the hysteresis phenomena associated with flow 

separation and reattachment [2]; (b) Inlet distortion on the 

stability of the fan [3] ; (c) Fan-intake interaction on the 

incidence tolerance [4], [5] and the subsequent optimization of 

the intake shape [6]. 

       Since the current paper is primarily concerned about the 

fan-intake interaction under high incidence, the associated 

experimental and numerical studies have been reviewed below: 

 

Experimental investigations: Hodder [7] conducted tests on the 

inlet performance at high angles-of-attack with the inlet 

coupled and decoupled to the downstream engine. The results 

suggested that the engine has an attenuation effect of the inlet 

separation thereby allowing the inlet to operate at lower levels 

of distortion. Larkin and Schweiger [4] conducted a scaled inlet 

test program to investigate the impact of the fan on inlet 

separation when operating at large angles of attack. Contrary to 

Hodder’s [7] findings, it was observed that the presence of fan 

improved the incidence tolerance by about 3-4°. This delay of 

the onset of flow separation observed in a powered inlet 

operation was also duplicated by placing struts (which create 

blockage) at the fan face. Boldman et al. [5] presented a 

comprehensive experimental work investigating the effect of 

rotating propeller on the intake separation angle of attack. It 

was demonstrated the propeller has increased the separation-

free angle of attack by 2.7-4°, when compared to a clean inlet 

without fan, depending on the operating mass flow. A similar 

amount of delay in the separation angle of attack was achieved 

by an aspirated flow with a blockage device. 

 

Numerical investigations using CFD (Computational Fluid 

Dynamics): Following Hodder’s work [7] , Kennedy et al. [8] 

numerically studied the intake performance under high 

incidence. In these simulations, the full 3D fan geometry was 

modeled. Consistent with Hodder’s observations, two main 
effects of fan: attenuation of the inlet distortion and the 

redistribution of the upstream flow, were well captured by the 

numerical method. Hsiao et al. [9] investigated powered-nacelle 

aerodynamics using an actuator duct model to represent the fan. 

A considerable suppression effect by the fan on nacelle 

separation has been captured. It was also claimed that for the 

powered-nacelle, the presence of the fan rotor increased the 

separation-free angle of attack over the nacelle by 3°, which is 

consistent with experimental observations. Iek et al. [10] 

carried out numerical investigations on the intake-fan 

interaction under different angles of attack. A simple screen 

boundary condition (BC), which creates blockage to the flow, 

was incorporated to represent the effect of fan. Interestingly, 

there wasn’t any sign of delay in the angle at which the flow 
separated. However, once the flow separates, evidence suggests 

that the blockage induced by the screen BC was capable of 

suppressing the flow distortion. Carnevale et al. [11] carried out 

a computational study into flow separation in a subsonic civil 

aircraft intake and its interaction with downstream fan. Both 

steady and unsteady RANS models were respectively used to 

simulate the isolated intake and powered intake configurations. 

It was shown that the fan stage is beneficial in increasing the 

tolerance to flow incidence and suppressing the flow distortion. 

Peter et al. [6] presented an integrated fan-nacelle design 

framework based on CFD with the fan incorporated using a 

bulk body force model (BFM). A parametric study of the 

influence of intake-fan interaction on overall engine 

performance was conducted. It was identified that the 

interaction of the fan rotor with the high streamwise Mach 

number on the intake lip was the bottleneck for design of short 

inlets. It was therefore concluded that a trade-off between the 

length of inlets and fan face Mach number has to be made in 

order to achieve an optimum overall engine performance. 

 

Metrics: 

        Determining the inlet distortion level and the onset of inlet 

lip separation is an important aspect of the intake studies. The 

total pressure distortion at the fan face is typically measured 

using the distortion coefficient DC60, defined as: 

 

DC60 = (P0,60 – P0)/(P0 – P) 

 

where P0 and P are the area weighted average total and static 

pressures at the fan face and P0,60 is the area averaged total 

pressure for the 60° segment with the lowest mean total 

pressure. It provides a measure of the difference between 

average total pressure level at the intake inlet and the average 

total pressure level of the worst 60° at the aerodynamic 

interface plane. Separation is usually determined if a steep 

increase in distortion coefficient, DC60, is observed beyond a 

critical angle of attack. 

 

Scope of this paper:  

It is apparent from the review that the fan is capable of 

reducing the level of inlet distortion once the flow has 

separated. However, the conditions under which the fan could 

improve the incidence tolerance are not evident. The intake-fan 

interaction mechanism responsible for the suppression of the 

flow separation is also not clear. This leads to the key 

objectives of the current paper, which are twofold:  

       (a) To gain qualitative insight into the mechanism of fan-   

intake interaction and 

       (b) To quantitatively examine the effect of the proximity of 

the fan on the inlet distortion. The fan proximity is altered 

using the key design parameter, L/D, where D is the diameter of 

the intake and L is the distance of the fan from the intake lip. 

        An extensive numerical study on the interaction between a 

downstream fan and the flow separating over an intake at high 

incidence will be addressed. The simulations were performed 

using RANS coupled with a low order model to represent fan. 

In the first part of the paper, the numerical framework has been 

validated against both the experiments and a high fidelity 

unsteady RANS on a real engine and fan configurations. In the 
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second part, a simplified intake-fan configuration has been 

considered to systematically study the influence of the axial 

location of the fan (by varying L/D) on the inlet distortion. In 

this fan-intake model, the ratio of the intake length to diameter 

(L/D) can be conveniently altered without affecting other 

parameters. 

 

NUMERICAL METHODOLOGY 

 

Configurations: Fig. 2(a,b,c) show the three different 

configurations considered in this study. These include: 

A: High bypass intake-only and intake-BFM configurations for 

the steady RANS simulations. 

B: High bypass intake with fully represented fan geometry for 

the unsteady RANS simulations. 

C: An axis-symmetric intake for the RANS simulations on a 

'model intake'. 

 

 
Fig. 2: Configuration considered for: a) RANS on Intake-

only and Intake-BFM b) Unsteady RANS with full fan 

representation c) RANS on Model intake 

 

Meshing: As described in the introduction, the critical flow 

features over an intake operating under high incidence include: 

a normal shock over the intake lip, separated shear layer after 

the normal shock and the zone of interaction between the 

separated flow and the fan (which is either fully resolved or 

represented using a BFM). Sufficient care has to be taken to 

satisfactorily capture these flow features using finer meshes, yet 

considering economical measures to reduce the computational 

cost. While a fully structured mesh results in a substantial 

increase in the mesh density in the free-stream, an unstructured 

mesh leads to deteriorated performance in the boundary layers. 

Thus, a hybrid meshing strategy was employed to mesh the 

geometries. For all the configurations, the near-wall (intake and 

spinner) and the body-force regions were meshed using the 

structured hexahedral elements since these elements provide an 

improved boundary layer resolution. The free-stream domain 

was meshed using the unstructured tetrahedral elements. Fig. 

3(a) shows the hybrid mesh and the corresponding insets show 

the magnified view of the mesh distribution around the top and 

bottom lips of the intake. 

          In all the simulations, standard Spalart-Allmaras (SA) 

turbulence model with wall functions was used to account for 

the eddy viscosity. The wall functions allowed for a coarser 

mesh to be employed in the near-wall region, corresponding to 

y
+
 values of 20-30 whilst still maintaining satisfactory 

boundary layer treatment. Meshes with much lower values of y
+
 

have also been used; however, it was observed that the number 

of circumferential points required maintaining appropriate cell 

aspect ratio increases enormously, without any noticeable 

change in the solution. Low Mach number preconditioning has 

also been used to obtain a better prediction of the low Mach 

separated flow regions. It must be noted that the use of different 

turbulence models will quantitatively influence the solution to 

some extent. However, given that the interaction between the 

fan and the separation over the intake is largely due to the 

inviscid dynamics, the conclusions drawn from this study 

would remain the same by using a different turbulence models. 

 

Computational cost: Around 14x10
6
, 75x10

6
 and 8x10

6
 cells 

were used to mesh the configurations A, B and C respectively. 

Most cells (~ 90%) were clustered around the intake and the 

body-force (or fan) while the rest of them (~ 10%) were used in 

the free-stream. For the full-annulus unsteady RANS 

calculation (configuration B), each blade passage was spatially 

resolved with 2.5x10
6
 cells and temporally resolved with 80 

physical time steps. Simulations were carried out for 15 full 

revolutions before collecting the averaged solution for the final 

revolution. The total run time of the unsteady RANS 

calculation is around 300 hours (12.5 days) using 480 

processors on the UK national supercomputing service, 

ARCHER. 

 

CFD setup and methodology to estimate separation angle: As 

illustrated in Fig. 3(b), a no-slip condition was imposed on the 

intake and spinner walls. Free-stream values were specified in 

the far-field and a mass flow boundary condition was specified 

at the exit. The free-stream values correspond to the 

atmospheric conditions of density, pressure and temperature at 

an altitude ranging between 15000-17000ft. The ratio of 

turbulent to laminar viscosity ratio was set to 10 in the free-

stream. An additional constraint of radial equilibrium has been 

imposed at the exit for the simulations which considered the 

effect of fan. It was ensured that the normalized mass flow 

(          into the engine is within 0.1% of the desired value 

for all the calculations reported. The exit boundary condition 

applied is a static pressure condition with radial equilibrium.  

The solver iteratively adjusts the exit static pressure to achieve 

the desired mass flow.  

(a) (b) (c)

Front view

Side view

z

y

z

x

x

y
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Fig. 3: (a) Hybrid meshing strategy: Structured hexahedral 

elements around the intake lips, spinner and body force 

regions and unstructured tetrahedral meshing in the free-

stream (b) Computational domain with the imposed 

boundary conditions 

         To identify the angle, αsep , at which the flow separates 

over the intake, an initial simulation was obtained at an 

incidence angle which was approximately 5° away from the 

known/estimated separation incidence, i.e. at (αsep - 5)°. A series 

of simulations were then carried out with an increasing 

incidence of 1° using the solution from the previous run to 

initialize the current simulation. The separation angle is 

identified based on a critical DC60 value. Subsequently, 

smaller increments of typically 0.25° were taken to accurately 

identify the separation incidence, αsep. 

 

Solver: All the simulations reported in this paper were carried 

out using the Rolls-Royce's in-house solver: HYDRA [12]. It is 

a density, edge-based finite-volume unstructured solver which 

is second-order accurate in both space and time. It has been 

largely optimized for parallel computation on the distributed 

memory Machines. The solver can handle multi-fidelity 

methods including Reynolds-averaged Navier-Stokes RANS/ 

unsteady RANS/ Large Eddy Simulations (LES). It has also 

been validated over a range of complex flows [13]. For the 

steady simulations, the effect of the fan was represented using 

the low order model function in HYDRA [14]. 

 

VALIDATION 

 

Experimental setup used to validate CFD: Before considering 

the effect of fan, it is crucial to verify that the computational 

setup described in the previous section is accurate enough. It 

should be capable of providing reasonable estimates of the 

separation angle and the distortion levels. The data used to 

validate the CFD setup stems from the experiments of ONERA. 

Measurements were taken over a civil aircraft intake model in a 

rectangular wind tunnel. The wind tunnel section is 4.5 m wide, 

3.5 m high and 11 m long and was able to provide a constant 

Mach number flow up to 0.36. Around 15 static pressure 

tapings were instrumented axially over the surface of the 

intake. Each pressure tapping was scanned and recorded 6 

times over a 0.17 second period by the pressure measurement 

system. An averaged value for each scan was estimated using 

these values. The accuracies of the pressure and Mach number 

measurements were within +/- 0.05% and <0.35% dynamic 

head respectively. The angle of intake was varied between 0 to 

35º using the actuators that drive the rotation of the intake. The 

potentiometers placed over these actuators were used to 

estimate the angle of the intake within an accuracy range of +/- 

0.2º. 

 

Separation estimates of the intake-only configuration: For the 

intake-only configuration, Fig. 4(a) shows the axial variation of 

the isentropic Mach number over the intake lip pre and post 

separation. The corresponding experimental data is also 

overlaid for comparison. The steady RANS predictions agree 

favorably with the measurements in terms of capturing the 

rapid acceleration over the intake lip followed by the normal 

shock. Once the flow separates, the shock location moves 

further forward over the intake lip. This phenomenon has also 

been well predicted in the simulations. 

 

Outflow

No-slip wall

α
D

7D

9D

(a)

(b)
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Fig. 4: Variation of a) isentropic Mach number profiles over 

the intake lip pre and post separation and b) distortion 

coefficient with increasing incidence for the intake-only case 

(Error bars correspond to the potentiometer accuracy 

within +/- 0.2º) 

 

        The shock appears to be less intense in the measurements 

and is not as distinct as that observed in the CFD. This could be 

attributed to the fact that the pressure tapings in the 

measurements were distantly spaced thereby reducing the 

resolution of the shock region. Also, for the post-separated 

case, a noticeable deviation in Mach number can be observed 

after the shock. This could be due to the inability of the 

standalone SA model [15] to handle the complex physics of 

acceleration, relaminarization, separation and transition to 

turbulence [1]. 

         Fig. 4(b) compares the predicted values of DC60 against 

the measurements with increasing incidence. The distortion 

coefficient is evaluated at an axial location xref (which 

corresponds to the fan-face location in the case of simulations 

with fan). A steep decrease in the DC60 below DC60crit 

indicates the shock-induced separation. When compared to the 

measurements, the separation estimates lie within a tolerance of 

±0.25° which further validates the current computational 

methodology. 

 

 

 
          (b) 

 

    
(c) 

Fig. 5: a) Sector mesh used for the body force simulations; 

Comparison of b) fan characteristic and c) radial 

distribution of mass flux predicted by BFM against the 

RANS with full fan representation. 

 

Performance of body force model: The fan characteristic was 

calculated using the BFM on a sector mesh shown in Fig. 5(a). 

The fan characteristic (pressure ratio vs. mass flow) was 

estimated at a design speed of 95.4% which corresponds to the 

flight climb condition. Two different body force models have 

been considered. BFM1 is the low order model function in 

HYDRA [14] and BFM2 is the IBMSG model from Cao et al. 
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[16]. Fig. 5 (b,c) compares the predictions of both the body 

force models against the 3D RANS. It is evident that the 

models are able to correctly predict the pressure rise across the 

fan including the chocking phenomena. Fig. 5(c) also ensures 

that the radial distribution of the normalized mass flux is well 

predicted by the both the models. Although BFM2 is based on a 

more general theoretical framework, both the models yield a 

similar level of fidelity. However, all the findings reported in 

this paper are evaluated using BFM1 since a more complete set 

of results were available with BFM1 at the time of writing. It is 

worth pointing out that the incoming small scale turbulence 

could influence the fan performance. However, this effect 

would be much smaller when compared to the effect of the 

large scale distortion which the current framework is capable of 

capturing reliably. 

 

 

 

 
 

Fig. 6: (a) Axial variation of isentropic Mach number post separation and (b) Variation of distortion coefficient with increasing 

incidence for configurations A and B (Inset plots show the contours of stagnation pressure at the fan-face 
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Having validated the computational framework, the effect of 

fan on the flow separating over the intake will be considered 

in this section. Fig. 6(a) compares the axial variation of the 

isentropic Mach number over the intake lip with and without 

fan. Notice that the location of the shock has moved 

downstream due to the body force. Its impact on the distortion 

levels at the fan-face, xref, can be observed from Fig. 6(b). It is 

evident that there is a decrease in the level of post-separation 

distortion by almost 25% in the presence of fan. This 

observation is further reinforced by comparing the contours of 

stagnation pressure at the fan face. The loss of stagnation 

pressure at the fan-face is much smaller in the intake-fan case 

due to a smaller separation. This result is consistent with the 

experimental observations [7] and the numerical simulations 

[8, 9]. For configurations A and B, it is reiterated that the fan 

has only decreased the level of distortion at the fan-face rather 

than improving the incidence tolerance. It is attributed to a 

larger L/D of this intake (~ 0.5). This fact will become clearer 

in the subsequent section on a model intake study where the 

effect of L/D on the incidence tolerance has been 

systematically assessed. 

It is also essential to verify if the low order body force model 

predicted a reasonable estimate of the reduction in DC60. 

Thus, a full annulus unsteady RANS simulation, on 

configuration B, has been carried out at the separation angle 

αsep. Fig. 6(a,b) compare the corresponding results from 

unsteady RANS against the steady intake-fan simulation. The 

following conclusions were drawn from these plots: a) It can 

be confirmed that there is a reduction in the post-separation 

distortion in the presence of fan b) Results predicted by BFM 

(axial variation of Mach number and contours of stagnation 

pressure at fan-face) qualitatively agree with those predicted 

by unsteady RANS c) However, the BFM predicted a larger 

level of distortion in comparison to unsteady RANS. This is 

indeed a positive sign for the intake designers, as the steady 

BFM provides reasonably accurate results (along with a factor 

of safety on distortion estimates) at a much lower 

computational cost than unsteady RANS. 

 

 

MODEL INTAKE STUDY 

 

Design and setup of model intake: To systematically study the 

effect of the fan on the intake separation and explore the 

design criteria, a simplified intake-fan configuration has been 

considered. As mentioned in the earlier sections, the 

simulations were performed using a steady RANS model with 

a low order body force model to represent the fan. The design 

of the simplified model illustrated in Fig. 7 stems from a 

typical civil style intake and fan operating near choking 

condition. A constant area duct has been used downstream of 

the nose-cone of the spinner. The axial position of the fan (and 

the ratio of the intake length to diameter (L/D)) could thus be 

conveniently altered over a wide range of L/D's. 

         Firstly, it has been ensured that the model intake-fan 

configuration is representative of a real engine intake in terms 

of the separation mechanism. Fig. 8 shows the contours of the 

isentropic Mach number at two different angles of incidence. 

Consistent with the case of a real intake, the flow over the 

intake experiences a shock induced separation once the 

incidence reaches a critical value. 

 

 
Fig. 7: Sketch of model intake-fan configuration 

 

         The effect of the fan at four different axial locations has 

been considered, corresponding to the L/D values of 0.17, 

0.20, 0.24 and 0.44. With a fan chord of about 7% of the 

intake diameter, the difference between the L/D's correspond 

to axially shifting the fan through half, full, and four times of 

fan chords respectively. DC60 has been evaluated at two 

different axial locations: a) at a fixed location Xfixed which is 

invariant for all the L/D's investigated and b) at the fan-face 

Xfan-face which varies with different L/D's (since Xfan-face 

corresponds to the axial location of the leading edge of the 

fan). 

 

Results at fixed location, Xfixed: Fig. 9(a) shows the DC60 

value at a fixed location, Xfixed, for all the cases of intake-only 

and the four different fan-intake configurations with different 

L/D's. Recall that the intake-only configuration reported in the 

figure has been simulated in the absence of the body force 

model. Also, the flow is considered to be separated when 

DC60 falls below a critical value (shown by the dashed line in 

the figure). As evident, the fan has a significant effect on the 

intake separation. Based on the value of L/D, the presence of 

fan has either a) increased the separation-free angle of 

incidence (∆αsep) or b) suppressed the level of the post-

separation distortion when compared to the intake-only 

configuration. When the fan was closest to the lip of the intake 

(corresponding to L/D of 0.17), ∆αsep was about 5°. This 

increase of incidence for flow separation decreases as the fan 

is positioned farther from the lip of the intake. At L/D of 0.44, 

there was no sign of any increase in incidence tolerance (∆αsep 

= 0). Secondly, once the flow separates, the fan has the effect 

of suppressing the level of post-separation distortion. At a 

given angle of incidence, it was also observed that the closer 

Fan

Position 1

Fan

Position 2

Xfixed Xfan-face
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the fan, the stronger is the suppression effect. This is also 

evident from Fig. 9(b) which shows the contours of total 

pressure for different configurations at the largest incidence 

condition. Notice in Fig. 9(a) that the DC60 for the intake-fan 

L/D=0.44 and intake only cases coincide up to a specific angle 

of incidence. This is attributed to the fact that the fan is far 

enough from the plane of interest and would thus have a 

negligible influence before separation. 

 

 
Fig. 8: Isentropic Mach number distribution (left) and according absolute Mach number contour (right) over the model 

intake-only configuration  

 

 
Fig. 9: DC60 values evaluated at the fixed location (a) and total pressure contours under the largest incidence condition (b) for 

intake-only and intake-fan with different L/D configurations at inlet condition 1 
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Fig. 10: DC60 values evaluated at the fan-face location (a) and total pressure contours under the largest incidence condition (b) 

for intake-only and intake-fan with different L/D configurations at inlet condition 1 (c) Relative reduction of DC60 at fan-face 

under largest incidence condition for different L/D cases 

 

Results at fan-face location, Xfan-face: Fig. 10(a) shows the 

DC60 value at the fan-face locations, Xfan-face. The lines with 

solid symbols shows the fan-intake configurations and those 

with hollow symbols represent the intake-only configuration. 

At the largest incidence condition, Fig. 10(b) compares the 

contours of the total pressure of both the intake-only and 

intake-fan configurations at the fan-face, Xfan-face. When 

compared to the intake-only case, it is evident that the fan has 

suppressed the flow separation at a given angle of incidence. 

This decrease in the level of distortion appears to be almost 

constant for all the L/D cases. This observation has been 

confirmed in Fig. 10(c) where a relative reduction of DC60 

between the intake-fan configuration and intake-only 

configuration has been plotted against L/D. Interestingly, 

when compared to the intake-only configuration at the same 

location, the percentage reduction in the separation level due 

to the fan stays at similar level, all around 60-70%, regardless 

of the L/D value. 

  

Sensitivity to inlet Mach number: To verify the sensitivity of 

the conclusions drawn so far to the free-stream Mach number, 

a series of simulations were repeated at a different operating 

condition (inlet condition 2). When compared to the previous 

operating condition (inlet condition 1), the free-stream Mach 

number has been increased by 32%. Fig. 11(a,b) plots the 

variation of DC60 evaluated at a fixed location, Xfixed, and at 

the fan-face, Xfan-face, with angle of incidence. It is evident that 

the trends are consistent with the low Mach number case (see 

Figs. 9(a) and 10(a)). Similar conclusions can be drawn even 

at this operating condition. When compared to the intake-only 

configuration, the presence of fan a) increased the separation-

free angle of incidence (∆αsep)  at lower L/D's b) decreased the 

post-separation distortion level and c) has relatively reduced to 

DC60 by around 60-70% at the fan-face (see Fig. 11(c)). 

However, the gain in the incidence tolerance ∆αsep, appears to 

have decreased by around 1° when compared to the previous 

operating condition (inlet condition 1). 
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Fig. 11: DC60 values evaluated at (a) the fixed location and (b) the fan-fan location with different L/D configurations at inlet 

condition 2 (c) Relative reduction of DC60 at fan-face under largest incidence condition for different L/D cases 

 

 

It is worth mentioning that the relative reduction of DC60 at 

the fan face could be a crucial parameter for the intake design. 

An intake designer could indeed use this metric to obtain a 

quick first-order estimate of the fan effect. However, it must 

be verified if this metric is a constant over a wide range of 

operating conditions on various speed lines. 

 

Fan-Intake interaction mechanism:  

Fig. 12(a) attempts to provide a physical reasoning for the 

observations made so far. In this plot, the axial variation of the 

isentropic Mach number distribution over the model-intake for 

the intake-only and intake-fan configurations were compared. 

The distributions were extracted at a pre-separated angle of 

incidence (αsep - 1°). The figure shows that the fan accelerates 

the flow ahead of the fan-face . The acceleration is primarily 

due to the redistribution of the mass flow, with the fan-tip 

drawing more air than the hub. This is evident from Fig. 12(b) 

which shows the contour plots of isentropic Mach number on 

the plane located at the fan-face (Xfan-face) of L/D=0.24 for both 

intake-only and intake-fan configurations. Figure 12(c) also 

compares the profiles of the radial distribution of normalized 

mass-flux. The flow acceleration closer to the casing is 

responsible for either suppressing the distortion or delaying 

the flow separation. However, the suction effect decays rapidly 

upstream of the fan. This explains the observations made in 

Fig. 9, where the effect of fan on the intake distortion 

(evaluated at a fixed location) decreased as the fan moved 

away from the plane of interest. When compared to the intake-

only case, the flow is accelerated to a similar level in front of 

the fan-face for all L/D cases. It reinforces the observation 

made in Fig. 10 and Fig. 11 where the percentage reduction in 

the distortion level (estimated at the fan-face) due to the fan 

was almost constant regardless of the L/D value. 

CONCLUSIONS 
 

In this paper, an extensive numerical study has been carried 

out on the interaction between the downstream fan and the 

flow separating over an intake under high incidence. The work 

provides qualitative insights into the mechanism of fan-intake 

interaction and it also quantitatively examines the effect of the 

proximity of the fan on the inlet distortion. The fan proximity 

is altered using the key design parameter, L/D, where D is the 

diameter of the intake and L is the distance of the fan from the 
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intake lip. A number of conclusions can be drawn from this 

work: 

 

(1) Systematic studies on the model intake-fan 

configuration showed that the fan is effective in 

suppressing the intake distortion. This is consistent 

with the findings in the literature. It also showed that 

the closer the fan to the intake lip; the stronger the 

suppression effect is, at a given angle of incidence. 

 

(2) Up to about 5° increase of the separation-free angle 

of incidence was observed due to the presence of the 

fan at L/D=0.17. This increase of the separation-free 

incidence decreased with increasing L/D (i.e. as the 

fan moved farther) and there was no sign of delay of 

separation for the case of L/D=0.44. 

 

(3) At the fan-face, there is a considerable suppression 

effect due to the fan. Interestingly, when compared to 

the intake-only configuration at the same location, the 

percentage of reduction of the separation level due to 

the fan always stays at a similar level, of around 60 to 

70%, regardless of the L/D value. The conclusion 

was also reconfirmed at a higher free-stream Mach 

number. 

 

(4) Comparison of isentropic Mach number around the 

intake lip revealed that the fan accelerates the flow 

upstream of the fan face when compared to the 

intake-only case thereby suppressing separation in its 

immediate vicinity. However, this acceleration effect 

decayed rapidly with increasing upstream distance 

from the fan-face. 

 

 

 

 
          

Fig. 12: (a) Isentropic Mach number distributions around the model intake lip for intake-only and intake-fan configurations 

prior to flow separation (αsep - 1°) (b) Contours of isentropic Mach number on the plane locates at fan-face location (L/D=0.24) 

for both intake-only and intake-fan configuration (c) Radial distribution of the normalized mass-flux extracted at the dashed 

lines marked in Fig. 12(b)
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NOMENCLATURE 
D Diameter 

F 

M 

Force 

Million 

P Pressure 

V Velocity 

x X direction of Cartesian coordinate   

y Y direction of Cartesian coordinate   

z Z direction of Cartesian coordinate   

Greek Symbols  

a
∆a

Incidence angle 

Increase in incidence angle 

Subscripts  

0 Total value 

60 60 degrees sector 

sep Separation 

n Normal direction 

p Parallel 

x , r ,  Cylindrical coordinates, axial, radial 

and tangential directions 

Abbreviations  

BFM Body force model 

CFD Computational Fluid Dynamics 

RANS Reynolds-averaged Navier-Stokes 
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