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Summary 
 
This paper describes the application of flow control to a civil turbofan intake for the purpose of relaxing the compressor 
face distortion due to crosswind constraint at take-off. Wind tunnel experiments were conducted on a 7% scale intake 
model capable of simulating conditions representative of high thrust at low forward speed and high sideslip angle. The 
baseline (unactuated) flow topology at these conditions is characterised by a separation line on the windward leading 
edge of the nacelle, leading to a region of re-circulating flow on the windward wall of the diffuser and a region of 
reduced total pressure on the windward side of the compressor face. Flow control was implemented using both classical 
Vane Vortex Generators (VVGs) and Air Jet Vortex Generators (AJVGs). Both these devices work by redistributing the 
momentum in the boundary layer on the windward lip and hence delaying the separation on the windward leading edge 
of the nacelle. The VVGs were set at an angle of 18° to the local flow direction and were arranged in a co rotating array. 
The AJVGs were set at a pitch of 45° and skew of 90°. Experimental results show that compressor face total pressure 
distortion compared to the unactuated baseline could be reduced by a maximum of 52% using the VVGs and 34% using 
the AJVGs. For the AJVGs it is shown that the most important parameters affecting flow control efficiency and 
effectiveness are the jet velocity ratio and the orifice spacing ratio. At experimental scale, the typical bleed requirement 
for AJVGs is approximately 0.1% of engine mass flow. At full scale, dimensional analysis suggests that the bleed 
requirement is lower than at model scale. 
 
 

1. Introduction 
 
     Pod mounting of propulsion units underneath the wings of 
civil transport aircraft was first introduced in the late 1950 on 
the Boeing 707 and has been adopted on nearly every civil jet 
airliner since. Key advantages of such a layout are alleviation 
of wing bending moment, increased fuel volume within the 
wing and ease of access for maintenance purposes. Over the 
years, the bypass ratio of civil turbofans has increased steadily 
and hence so has the size of the engine nacelle. This has meant 
that optimisation of the nacelle aerodynamics has become 
increasingly important. A key challenge is obtaining a suitable 
compromise between the requirements for the high speed 
cruise and low speed takeoff and landing performance of the 
engine-nacelle combination. 
     At high Mach numbers the intake system ingests a comparatively small stream-tube of incoming air, equalling the 
intake’s entry area or smaller. At such an operating condition the stagnation line is placed on or close to the leading 
edge (LE), necessitating a small LE radius to avert local supersonic flow regions and shock induced separation. At low 
forward speed and high engine mass flow the ingested stream-tube is large, requiring a large LE radius to prevent local 
supersonic flow and subsequent shock induced separation. 
     If separation does occur on the intake it leads to a non-uniform distribution of total pressure at the compressor face, 
referred to as compressor face distortion. This distortion affects the engine performance and beyond certain limits may 
cause the engine to surge, potentially leading to severe loss of thrust and engine damage. A typical plot of distortion 
against engine mass flow for fixed external conditions is shown in figure 1. Note that there are two distortion peaks as 
the mass flow increases. The first is due to laminar separation of the inlet lip boundary layer. The second peak is much 
more severe and is due to shock induced separation. This paper focuses on the application of flow control to the latter 
operating condition. More information on control of both the laminar and shock induced separation may be found in [1]. 
     The problem of enabling a relatively sharp lipped intake optimised for cruise to operate at high angles of attack at 
low forward speed has previously been tackled using various flow control solutions. These include the use of 
mechanical alterations to the LE, tangential blowing as well as a combination of BL suction within the diffuser and 
discrete fluid injection.[2-6] The most effective method, demonstrated by [3], is the tangential injection of high speed 

 
 
Figure 1: Variation of compressor total pressure 
distortion with engine mass flow at high angle of 
side-slip and low forward speed. 



 
 

Figure 2: Schematic of the axi-symmetric intake model. 
 
 

     
 
a) Assembled model   b) LE detached 
 
Figure 3: Photograph of the intake model. 

fluid at the LE, where fully attached flow could be maintained up to an angle of attack of 100°. However, the bleed air 
required to achieve this was about 2%, meaning the approach is relatively inefficient in terms of engine air flow 
requirements. 
     Vortex generators (VG) are a simpler, potentially more efficient alternative to tangential blowing. Instead of directly 
adding tangential momentum at the wall, VG induce near-wall vortices that enhance the mixing between the boundary 
layer and free stream, causing a favourable redistribution of momentum in the boundary layer. VGs may take the form 
of surface excrescences such as small vanes, or discrete air-jets. Vane vortex generators (VVG) have been investigated 
thoroughly, [7-10], and applied to numerous applications. Air-jet vortex generators (AJVG) involve additional 
complexity in terms of their injection conditions as well as their system integration. Therefore they have not yet found 
widespread commercial application. Recent investigations into the near- and far-field fluid mechanics of air-jets, [11-
15], have shown that AJVGs generate near-wall vortices similar to VVGs. The air-jet is required to be pitched and 
skewed relative to the local f low direction so that a single vortex is generated. If the air-jet is injected normal to the 
surface, a counter-rotating vortex pair is the result. These are prone to mutually interact and dissipate at a faster rate 
than the single vortex by a skewed jet. 
     This work is part of AEROMEMS II, a project supported by the European commission.[16,17] It involves industrial-
scale wind tunnel testing and engineering integration assessment of MEMS technologies. The emphasis is on alleviating 
flow separation on high-lift systems, intake ducts & turbo-machinery components. 
 
 

2. Aim 
 
     The goal of this work is to demonstrate that the low speed distortion constraint of a Pitot intake system may be 
relaxed using fluidic flow control. It is envisaged that through this the nacelle LE design can be optimised further 
towards cruise conditions. 
 
 

3. Exper imental Setup 
 
     An approximately 7% scale axi-symmetric intake model 
with a contraction ratio (CR) of 1.3 was tested in the close-
return subsonic wind tunnel at the Goldstein laboratory of 
the University of Manchester. A schematic of the model is 
shown in figure 2 and photographs of the assembled and 
disassembled diffuser section are shown in figure 3. The   
lip and diffuser geometry was based on the side profile of a 
production nacelle for a 100,000lb thrust class turbofan. 
The representative model has a compressor face diameter 
of 0.2m (7.9in) and an overall length of 0.51m (20in). The 
diffuser geometry faired into parallel duct walls that 
attached to the supporting structure. The model was able to 
rotate about a strut in the wind tunnel giving a sideslip 
range of 0° to 90°. A plenum chamber extending to ±100° 
from the centreline was machined into the LE of the 
diffuser. This plenum chamber was supplied by 4 high 
pressure lines to evenly distribute total pressure. 
     The intake model was connected to an evacuated 
reservoir and operated in suction mode. Maximum 
operating duration was around 30s. Mass flow rate was 
controlled using a choked secondary throat, as indicated in 
figure 2. Tests were performed at an engine mass flow 
consistent with the critical shock induced separation case 
identified in figure 1. The non-dimensional flow 
parameters at this operating point are summarised in table 
1. The dimensional mass flow rate was approximately 6 
kg/s. For reference, the Reynolds number of the full scale 
intake was 38´ 106. 
     Intake performance was assessed using a combination of a rake of Pitot probes placed at the compressor face plane 
and static pressure tappings distributed around the diffuser geometry. Experiments were conducted under steady 
conditions, i.e. constant free-stream speed and intake mass flow. Data presented herein is time averaged over 
approximately 0.5 seconds. 
     Established design guidelines for VVGs suggest that for maximum effectiveness VVGs should have a vertical 
dimension of the order of the local boundary layer thickness and be placed a minimum of 15 device heights upstream of 
separation.[18, 19] For the present work the device height was limited by manufacturing constraints and was set at 1mm. 
The location of the separation on the windward lip of the inlet was determined by combination of surface oil flow 
visualisation and analysis of surface pressure distribution. The AJVGs were positioned at the same location as the 



 
Figure 5: Sur face static pressure distribution on the 
centreline of the windward duct wall. 
 
 

           
 

Baseline: DC(60)=0.089, R=0.964 
 
Figure 6: Baseline compressor face total pressure 
loss coefficient distribution, V¥=18m/s, b=90o. 

VVGs. The AJVG orifices were set at a pitch angle of 45o and a skew angle of 90o relative to the local surface flow 
direction (which for the present case was radially inwards) consistent with previous optimisation studies [11-15]. Figure 
4a illustrates the circumferential position of the actuator array (VVG and AJVG) relative to the stagnation line and the 
primary separation line (S1). The geometry of the AJVG orifice is shown in figure 4b. Array parameters for the VVGs 
and AJVGs are listed in table 2 and 3. Note that boundary layer thickness was estimated using a simple incompressible 
Blasius solution and hence must be treated as a rough approximation only. 
 
 

  
 

a) Position relative to leading            b) Injection conditions 
    edge      of air-jet 
 

Figure 4: Definition of the position and injection  
conditions of actuators. 
 
 
 
 

4. Baseline Intake Per formance 
 
     In this section the baseline intake performance is 
characterised in terms of the diffuser axial pressure 
distribution and the compressor face total pressure distortion. 
Starting with the axial pressure distribution, figure 5 shows 
static pressure coefficient plotted against circumferential 
distance for various combinations of free stream velocity and 
sideslip. By way of orientation, note that a Cp value of 1 
corresponds to stagnation conditions (zero velocity, see figure 
4a), and that a Cp of 0.53 (marked as Cp* ) corresponds to 
locally sonic conditions. Note also that the distance on the 
abscissa is non-dimensionalised by the distance from the LE 
to the compressor face. The throat of the diffuser is defined as 
the location at which the area in a plane parallel to the 
compressor face is a minimum. 
     The intake performance under quiescent conditions is 
given by the free stream velocity = 0 case in figure 5. Starting 
at the first pressure tapping downstream from the attachment 
line, point [A], the static pressure decreases as the flow 
accelerates round the inlet lip, reaching a minimum at point 
[B]. Note that at this point the flow is just supersonic, and that 
this minimum pressure occurs ahead of the geometric throat 
location. As the flow progresses further into the intake the 
pressure rises, reaching a Cp of approximately 0.9 at the 
compressor face. With a free stream speed of 18m/s at zero 
sideslip the inlet pressure distribution is almost identical to 
that at quiescent conditions, however at a sideslip of 90° there 
is a clear change in that there is a rapid increase in pressure 
following the sonic point at [B] followed by a relatively flat 
pressure rise down the rest of the diffuser. This behaviour is 
consistent with a shock induced separation at [B] and 
subsequent spoiled flow on the windward side of the diffuser 
up to the compressor face. The test condition of b=90° and 
V¥=18m/s is henceforth referred to as the critical test 
condition. 
     A filled contour plot of the total pressure loss coefficient p at the compressor face plane at the critical test condition 
is shown in figure 6. A low value of pressure loss coefficient (light grey) at a given location on the compressor face 
indicates that the pressure recovery along the streamline leading to that location is good. A high value of pressure loss 
coefficient (dark grey) indicates that the pressure recovery is poor. The results in figure 6 show a clear, crescent shaped 

Table 1: Definition of sub-critical and critical test 
conditions at V¥=18m/s. 
 

Test Condition Mt Ref A¥ /Al Aw/A¥  

Critical 0.6 2.6 ´ 106 7.9 11.9 

 
Table 2: Co-rotating VVG array; hv=1mm. 
 

av l /hv e/hv d/hv 

18° 20 15 ~1 

 
Table 3: Co-rotating AJVG array; dj=0.5mm, L =10-80. 
 

f  g e/dj d/dj l/dj 

45° 90° 30 ~2 5 

 



region of spoiled flow on the windward side of the compressor face. This directly correlates with the poor static 
pressure recovery for the same flow conditions in figure 5. The overall total pressure recovery and distortion at the 
critical test condition are 96.4% and 0.089. The values of total pressure recovery and distortion at the critical test 
condition will be referred to as the baseline, to which the improvements attained through the introduction of flow 
control actuators will be compared. 
     In order to determine suitable locations for flow control actuators it is essential to understand the overall flow 
topology in the duct, and in particular the location and nature of the windward LE separation. Figure 7 shows a 
photograph and a line art interpretation of surface oil flow visualisation of the duct at the critical test condition. LE 
separation can be identified by a prominent dark line (S1) along the windward side of the duct. Within the duct two 
focal points have formed that enclose a reverse flow region, which separates at a secondary separation line (S2). The 
throat deposit, bound by S1 and S2, is a prominent feature in figure 7 due to the accumulation of paint in this region. 
This figure clearly shows that separated flow within the duct is highly three-dimensional, however, that the separation 
line on the windward LE of the duct may be considered two dimensional in that its location relative to the inlet LE is 
relatively constant. This simplifies the application of the flow control actuators in that they may all be located on the 
same circumferential generator. 
 

 
 
Figure 7: Surface flow topology at the critical test condition. 
 
 

5. Flow Control 
 
     In this section the results of applying VVGs and AJVGs to the inlet will be described and comparisons made to the 
baseline results at the critical test condition. Starting with the surface pressure distribution on the centre line of the 
windward duct wall, it was found that there was little difference between the VVG results and baseline (no VVGs) 
results in that the location of the centreline separation was unchanged and the centre line pressure recovery was similar 
(results not shown due to space constraints, AJVG model was not pressure tapped so no results available). However, 
consideration of the compressor face total pressure distribution, figures 8 and 9, shows that the overall extent of the 
spoiled flow is significantly reduced by the application of flow control. With the VVGs there is a 52% reduction in 
distortion and a 1.9% increase in pressure recovery. With AJVGs there is a 34% decrease in distortion and a 1.3% 
increase in pressure recovery. Note that the results are for nominally optimised flow control actuator operating 
condition (see discussion below), though as with comparisons of most flow control schemes, it is hard to guarantee that 
optimisations are global. 
     Flow visualisation results for the VVG and AJVG cases are shown in figures 10 and 11. Comparison of these results 
with the baseline flow topology in figure 7 shows that the application of flow control significantly delays the separation 
on the windward lip either side of the windward generator. Note, however, that there is very little change in the location 
of S1 at the centre line. This is consistent with the surface pressure data for the VVG case. Considering the flow 
visualisation in more detail, distinct vortex trails are visible downstream of both the VVGs and AJVGs. These vortex 
trails lift directly off the surface at the separation on the centre line, however either side of the centre line the vortex 
trails can be seen to become increasingly parallel to the separation. From consideration of the flow topology at the 
critical test condition it is apparent that the flow deceleration around the windward lip and hence the strength of the 
adverse pressure gradient is a maximum at the windward generator, becoming increasingly benign at either side. Thus it 
would be expected that the enhanced boundary layer mixing provided by the flow control has greatest relative impact 
on the separation location either side of the windward generator. 
     Dimensional analysis of the AJVG/intake lip boundary layer flow and subsequent experimental work in [1] has 
identified that the primary AJVG parameters affecting performance are the air-jet velocity relative to the local free-
stream speed (Cv), and the orifice spacing relative to the orifice diameter (L ). Figure 12a shows the variation of 
compressor face distortion as a function of velocity ratio for various sideslip angles. Note that data was taken at a fixed 
set of jet velocities for each of the sideslip angles, however since velocity ratio is based on the local velocity calculated 
from surface static pressure (which varies with sideslip) the velocity ratios are different for each sideslip case. Whilst 
the data on this graph has a number of gaps, two basic trends may be identified. Firstly, the gain of the system in terms 
of the reduction of distortion for a given velocity ratio increases with decreasing sideslip. This is consistent with the 
assertion that the strength of separation decreases with decreasing sideslip. 
 



 

           
 

Co-rotating VVG: DC(60)=0.043, R=0.982 
 
Figure 8: Compressor face total pressure distribution 
with VVGs. 
 
 

           
 

Co-rotating AJVG: DC(60)=0.059, R=0.977 
 
Figure 9: Compressor face total pressure distribution. 
Air-jet array: L=20, Cv=2.4. 
 

 
 

a) View onto the windward duct 
 

 
 

b) Detailed view onto the windward LE 
 
Figure 10: Flow visualization of the LE with attached 
VVGs. 

 
 

a) View onto the duct LE. 
 

 
 

b) Detailed view onto the windward LE. 
 

Figure 11: Surface oil flow visualization of the 
windward LE with AJVGs, Cv=2.4. 
 
 

 
a) Air-jet velocity ratio, L=20. 
 

 
b) Air-jet orifice spacing, Cv=2.4. 
 

Figure 12: Effect of air-jet array similarity parameters.



Table 4: Estimation of the bleed air requirement at full scale. 
 

Assumption Bleed air at full scale 
Air-jet array identical to 7% scale 

model 
0.01% 

d/dj =1, l =10mm 0.08% 

d/dj =2, L=20 0.02% 
 

     Figure 12b shows the effect of jet spacing ratio on total pressure distortion for a constant velocity ratio of 2.4. A 
reference line is also inserted to indicate the best performance obtained from co-rotating VVGs for comparison. This 
graph clearly illustrates increasing system effectiveness as the AJVG spacing ratio decreases from 80 to 20, however 
decreasing the spacing ratio further to 10 results in no significant improvement. Note that a spacing ratio of 80 
corresponds to an overall jet mass flow rate of 0.02% of the core engine flow and a spacing ratio of 10 corresponds to a 
mass flow ratio of 0.1%. 
 
 

5. Implementation at Full Scale 
 
     At the scale of the present experiment, the engine 
bleed necessary for effective actuation with air-jet 
vortex generators (AJVGs) is of the order of 0.1%. To 
enable an estimate of the full scale engine bleed 
requirement three examples will be considered. Firstly, 
the full scale intake system is assumed to require an 
identical air-jet array as in the model tests. The bleed 
mass flow is hence calculated with an array having 
0.5mm air-jet orifice diameters, a spacing of L=20 (l =10mm) and velocity ratio of 2.4. Secondly, the orifice diameter is 
increased to set the non-dimensional parameter d/dj to the same value as on the model, but at a constant dimensional 
orifice spacing and velocity ratio. Thirdly, an air-jet array with the same non-dimensional parameters is used. 
     The full scale boundary layer thickness around the LE of the full scale intake was estimated by an industrial CFD 
study.* The CFD simulation used grid generation methods and a turbulence model optimised for intake flow fields. An 
approximation of the boundary layer thickness at the critical test condition was d»4mm. With the same ratio of 
boundary layer thickness to air-jet orifice diameter as in the model tests the full scale air-jet diameter would hence be of 
the order of 2mm.  
     Table 4 summarises the three different estimates obtained for the full scale engine bleed requirement. It shows that, 
depending on the assumptions, the predicted bleed air can vary greatly. In general it may therefore be concluded that the 
bleed air at full scale will be smaller than at model scale, but of the same order of magnitude. 
     The implementation of an air-jet array into the intake LE geometry requires additional system complexity. Air 
supply and pressure regulating valves have to be introduced, but the readily available supply of high pressure air from 
the engine should make this relatively straightforward. Extra ducting could be avoided if the anti-icing system, which 
typically consists of hot air bleed from the engine, provided the source of high pressure air. 
     An additional concern is the simple fact that orifices placed close to the LE are prone to be blocked by dirt or may 
ingest water. This issue is especially important if the take-off performance is dependant on the functionality of an air-jet 
array. Recent efforts in micro-machining technology, as part of the AEROMEMS II project, have resulted in prototype 
cantilever valves that could close the orifice entry on demand. The possibility of ingesting water or dirt into the plenum 
chamber is eliminated, if the valve is only opened or shut when high pressure air is supplied. A major concern for such 
small scale control devices is to make the packaging concepts suitable for industrial application and flight certification. 
 
 

6. Conclusion 
 
     Two different flow control actuators have been successfully applied to a Pitot intake model to delay LE separation 
caused by high angles of side-slip during low speed operation. Classical vane vortex generators (VVG) served as the 
baseline flow control device to which the effectiveness of air-jet vortex generators (AJVG) was set against. Both 
actuators generated near-wall vortices which were shown to convect towards the LE separation line (S1). Due to the 
downstream movement of S1, being most significant along the side-walls, compressor face total pressure distortion was 
reduced by 52% using VVG and by 34% with AJVG. Total pressure ratio was increased by 1.9% and 1.3% 
respectively. The bleed mass flow required by the AJVG array was of the order of 0.1% at model scale and is projected 
to decrease with increasing scale. 
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8. Nomenclature 
 

Symbol Unit  Description 

A m2 Area 

Cp - Pressure coefficient = Ps/Po 

Cp
* - Sonic conditions, i.e. ML=1 

Cv - Air-jet velocity ratio = V j/VL 

CR - Contraction ratio = A l/A t 

d mm Diameter 

DC2D - Centreline total pressure distortion 

DC(60) - Total pressure distortion at the compressor 
face = (P-P)/Pof 

h mm height 

l mm Air-jet orifice length 

mb - Percentage bleed flow of AJVGs 

M - Mach number 

P Pa Pressure 

R - Total pressure recovery = Pof/Po 

s - Surface distance from leading edge 

smax - Surface distance from leading edge to 
compressor face plane  

t mm Thickness 

V m/s Air speed 

av degrees Local angle of attack of VVG 

b degrees Angle of side-slip of the intake duct 
centreline relative to the free-stream 

d mm Boundary layer thickness 

e mm Upstream distance of actuator relative to 
separation 

f  degrees Pitch angle of AJVG 

g degrees Skew angle of AJVG 

l  mm Spacing of two adjacent VGs in a air-jet 
array 

p - Total pressure loss coefficient = (Ploss)/Pa 

q degrees Angle described by a sector within the 
compressor face plane 

L  - l /dj 

 

Suffix  

f Compressor face 

j Air-jet 

L Local condition at model surface 

l Leading edge 

f  

loss Total pressure loss at the 
compressor face = Po-Pof 

o Free-stream stagnation conditions 

of Average total pressure at the 
compressor face plane 

s Surface distance from leading 
edge 

t Throat 

v Vane vortex generator 

w Wind-tunnel 

¥  Free-stream conditions 

  

Abbreviations  

AJVG Air-jet Vortex Generator 

BL Boundary layer 

LE Leading edge 

S1 Primary separation line 

VG Vortex Generator 

VVG Vane Vortex Generator 
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