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Abstract
This paper presents a novel methodology for the design of a gauze that produces distributions of stagnation pressure, swirl 
angle, pitch angle and turbulence intensity, tailored in both the radial and circumferential directions. A distortion gauze is 
made from a large number of small-scale circumferential and radial blades with tailored thickness and camber distributions. 
By controlling the blade design independently in both the radial and circumferential directions, the target inflow pattern can 
be achieved. 1D correlations are used to initialise the blades and they are refined using full 3D CFD simulations. The final 
design is additively manufactured for use in rotating rigs. In this paper, the method has been used to reproduce four target 
inflow patterns with large variations in stagnation pressure and flow angularity. Two examples model the inlet flow distortion 
seen at the aerodynamic interface plane of an aft-mounted boundary layer ingesting fan. The final two examples model the 
inlet distortion at inlet to an axial compressor spool caused by upstream structural struts in a swan neck duct. The gauzes are 
shown to replicate the structures of the target flow in an experimental test. These kind of flow structures would be extremely 
difficult or impossible to replicate in an experiment in any other way.
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a, b	� Roach’s correlation constants
h	� Stage span
r	� Radial coordinate
V	� Flow velocity
α	� Swirl flow angle
β	� Gauze porosity

ΔCp0
	� Stagnation pressure drop coefficient

ζ	� Pitch flow angle
θ	� Circumferential coordinate
λ	� Radial blade angle
χ	� Circumferential blade angle
Ω	� Blade rotational speed( )

	� Average value
()mix	� Value at the target plane
()TE	� Value at the trailing edge
()x	� Axial component
()r	� Circumferential component
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()�	� Radial component
BLI	� Boundary layer ingestion
CFD	� Computational fluid dynamics
RANS	� Reynolds-Averaged Navier–Stokes

1  Introduction

With the advent of tighter engine-intake-airframe integra-
tion to reduce emissions, increasing levels of distortion are 
expected in all turbomachinery components. This distortion 
takes the form of large swings in flow angle, both swirl and 
pitch, along with strong stagnation pressure gradients. To 
understand trades in performance with tighter integration, 
a new experimental method is required that can model the 
real embedded flow structures in a laboratory environment. 
It is possible to tailor the inflow pattern to achieve any flow 
condition that varies in both radial and circumferential direc-
tions using additively manufactured complete flow condi-
tioning gauzes. Only with this approach it is possible to 
decouple and quantify the effect of the increased distortion 
on the individual turbomachinery components. In addition, 
this method allows increased certainty and reproducibility 
in the comparison between experiments and simulation: it is 
now possible to run the same experiment with different inlet 
boundary conditions, just as an engineer would use multiple 
CFD simulations to probe sensitivities.

This paper presents the methodology for the design of 
non-axisymmetric complete flow conditioning gauzes along 
with four examples of applications in both boundary layer 
ingesting fans and compact core compressors. The method 
to design a gauze with variable porosity and blades with 
variable turning builds upon the paper by Taylor (2019) for 
axisymmetric flow conditioning gauzes. Figure 1 shows 
how the geometry of the gauze can be varied in both radial 
and circumferential directions to achieve a target inflow that 
models that seen at the inlet to an aft-mounted fan that is 
ingesting the boundary layer from an aircraft’s fuselage. 
The gauze is 3D printed and mounted in a rotating rig in 
a laboratory so that the effect of this inlet condition on the 
experiment can be quantified and understood.

In the field of fan-distortion two different methodologies 
have been identified from the literature. The first methodol-
ogy is the integration of the fan stage into a wind tunnel that 
is purpose built to replicate some or all the upstream geom-
etry of the real aircraft. A Boundary Layer Ingesting (BLI) 
fan semi-buried in the floor of a wind tunnel is presented by 
Arend et al. (2017), whilst a wind tunnel facility built for the 
analysis of fan-intake interaction under crosswind conditions 
is reported by Harjes et al. (2020).

The second methodology consists of the use of distor-
tion generation devices at the inlet of the fan rig to replicate 
the inflow of interest at the fan face. Tests carried out with 

fan rigs equipped with distortion generators are presented 
by Gunn and Hall (2014) for a semi-buried BLI fan and by 
Castillo Pardo and Hall (2021) for a 360° fuselage BLI fan. 
The design of this second type of high-fidelity distortion 
generation devices remains a challenge, but it offers numer-
ous advantages. Firstly, it can be more flexible, as different 
magnitudes or types of distortion can be investigated with 
the same fan rig by changing only the distortion generat-
ing device. Secondly, the overall cost, complexity, size, and 
duration of the experimental tests can all be reduced. In a 
wind tunnel embedded fan, a bypass flow is required, and 
this can become unwieldy if compromises on the size of the 
fan rig itself are not made.

Traditionally, stagnation pressure distortion is generated 
by a combination of distortion screens, grids or endwall 
thickeners (Place et al. 1996; Lucas, et al. 2014), whilst swirl 
is generated with inlet guide vanes (Wheeler et al. 2006; 
Houghton and Day 2011). Gunn and Hall (2014) designed 
and 3D printed a precisely controlled variable porosity gauze 
to replicate the axial velocity profile found at the intake of 
a semi-buried BLI fan. The fine hole resolution resulted in 
a relatively smooth flow distribution. However, secondary 
flows were not considered. In contrast, the device presented 
by Guimarães et al. (2018) comprises discrete turning blades 
that replicate the vortical structures found in military instal-
lations. The reduced blade count in this device results in 
higher loading. Consequently, the stronger blade wakes are 
still seen at the fan face. This device was combined with 
distortion screens by Frohnapfel et al. (2020) to add stagna-
tion pressure distortion to the attained vortical flow. Taylor 
(2019) presented a flow conditioning gauze that controls 
simultaneously the radial distributions of swirl and stagna-
tion pressure. The gauze, which was additively manufac-
tured, was successfully applied to replicate a multi-stage 
embedded profile in compressors. However, the method was 

Fig. 1   Non-axisymmetric complete flow conditioning gauze
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restricted to axisymmetric inflows with zero pitch angle. In 
this paper, the method is developed so that it can be used to 
reproduce any target inflow.

2 � Gauze design

This section presents the methodology for the design of a 
non-axisymmetric complete flow conditioning gauze. Fig-
ure 2 shows a flowchart of the entire process and a reference 
to the equations that are used at each stage. This is broken 
down into six parts that are described in this section. The 
process starts by scaling a target flowfield to the operating 
conditions of the experimental rig, then 1D correlations are 
used to initialise the gauze porosity and exit blade angles. 
Next, 3D CFD is used iteratively to refine the gauze geom-
etry: three parts include details of the blading, meshing and 
simulation and the streamline tracking and feedback process 
used to update the geometry. In the last part, the manufactur-
ing method and its considerations are presented.

2.1 � Target distortion scaling

A flow conditioning gauze aims to generate a specific flow-
field upstream of an experimental turbomachinery rotating 
rig. This flowfield can be obtained from different sources. 
Examples include numerical predictions or experimental 
measurements at the intake of a fan or at the outlet of the 
preceding compressor blade row. The rotational speed of 
the experimental rig ( Ω ) might differ from the speed of the 
system where the flowfield was obtained. Therefore, the 
flowfield needs to be scaled.

To preserve the velocity triangles seen in a rotating rig 
experiment, the local flow coefficient ( Vx∕U ) must be kept 
constant. To maintain the swirl ( α ) and pitch ( ζ ) angles of 
the inflow, defined in Fig. 3, the ratio between the veloc-
ity components must remain unchanged. Considering both 
constraints, a new velocity flowfield scaled to the speed 
of the rig of interest is generated. The stagnation pressure 
field associated with the scaled velocity now constitutes 
the target distribution to be attained by the gauze design. 
The turning of the gauze must also match the target swirl 
and pitch angles.

2.2 � Gauze initialisation

The second step initialises the distributions of porosity 
and blade angles across the gauze. It requires the knowl-
edge of the target flowfield, calculated in the previous 
step, and the velocity field upstream of the gauze. The 
latter can be either measured or estimated and enables the 
calculation of the dynamic head approaching each pas-
sage. The drop in stagnation pressure required to achieve 
the target profile is normalised by the inlet dynamic 
head to generate the stagnation pressure drop coefficient 
( ΔCp0

=
(
p0,up − p0

)
∕
(
p0,up − pup

)
 ), where p0,up and pup are 

the stagnation and static pressure upstream of the gauze, 
respectively. Roach (1987) proposed a correlation between 
the porosity of a grid (β) and its stagnation pressure drop 
coefficient ( ΔCp0

 ). The correlation, presented in Eq. 1 in 
the same form as Taylor (2019), is used to estimate the 
initial distribution of porosity.

Fig. 2   Gauze design flowchart Fig. 3   Flow angles definition
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Roach’s correlation uses two constants: a and b. These 
are a function of the Reynolds number, Mach number and 
grid geometry. Values of a = 0.52 and b = 1.0 have been used 
in this study as per Taylor (2019). The porosity is defined 
as the ratio of the open area to the total passage area at the 
trailing edge.

By varying the mean value of porosity, any number of 
gauzes can be designed to produce the desired stagnation 
pressure drop coefficient pattern; these will differ by their 
mean loss. The choice of mean porosity affects other aspects 
of the design: turbulence intensity, manufacturability, and 
operability. A reduced mean porosity causes a greater mean 
stagnation pressure loss, possibly increasing the power 
demand on auxiliary exhaust suction systems. Additionally, 
it leads to thicker trailing edges, which ultimately increase 
the mean turbulence intensity upstream of the rotating stage. 
Moreover, thicker trailing edges improve the structural 
integrity of the gauze. This is beneficial if an additive manu-
facturing process is used, however it can be detrimental if a 
machining process is used—the reduced open passage area 
reduces the accessibility for cutting tools. All gauzes shown 
in this paper were 3D-printed in UV-cured resin. The mean 
porosity was set as high as possible whilst ensuring a mini-
mum trailing edge thickness of 0.35 mm for the low-speed 
fan rig and 0.5 mm for the medium-speed compressor rig.

Next, the distributions of circumferential ( �TE ) and radial 
( �TE ) blade trailing edge angles are initialised. At this stage 
the flow is assumed to remain attached until the blade trail-
ing edge and the deviation is negligible, this leads to the 
approximation of blade angles equal to flow angles at the 
trailing edge ( �TE = �TE and �TE = �TE ). The effect of mix-
ing downstream of the gauze is included as it acts to increase 
the flow angles. The increase is related to the local porosity 
with Eq. 2 as in Taylor (2019) and Eq. 3 which follows.

2.3 � Blading

The gauzes are comprised of thousands of small-scale pas-
sages bounded by radial and circumferential blades. Radial 
blades turn the flow in the circumferential direction, generat-
ing swirl. In contrast, circumferential blades turn the flow 
radially, producing a pitch component. The chosen number 

(1)� =

⎛
⎜⎜⎜⎝

1

�
�Cp0

a

� 1

b

+ 1

⎞⎟⎟⎟⎠

1

2

(2)tan
(
�TE

)
= � ⋅ tan

(
�mix

)

(3)tan
(
�TE

)
= � ⋅ tan

(
�mix

)

of passages in the radial and circumferential direction deter-
mines the smoothness of the flowfield, the structural integ-
rity and the manufacturability. A high number of blades is 
desired to reduce the individual blade loading, reducing 
the strength of the wake and improving the smoothness of 
the flowfield. However, a greater number of passages will 
result in thinner trailing edges and compromised structural 
integrity during the manufacturing process and rig opera-
tion. The choice of radial blade count also determines the 
pitch to height ratio of the passage, which should be kept 
close to unity to minimise secondary flows. The choice of 
circumferential passage count is more complex for low hub-
to-tip ratio rigs, where the passages near the hub perform 
optimally with a low number whilst the passages near the 
casing operate better with a higher count. For the BLI fan 
application, 13 radial and 120 circumferential passages were 
chosen as a compromise between hub and casing aerody-
namic performance, smoothness and structural integrity. For 
the compressor application, a combination of 9 radial and 
360 circumferential passages was chosen.

All blades are cambered to be able to produce turning. 
The thickness and camber vary along a blade and they are 
determined by the porosity, trailing edge thickness and blade 
angle of the surrounding passages. Circular arc camber lines 
with maximum thickness location at 25% of chord were 
generated to reduce flow diffusion and separation across 
the passage. Alternating rows of blades are offset in the 
circumferential direction by half of a passage pitch. This 
increases grid rigidity and improves downstream mixing, 
and circumferential blades are also crenelated to increase 
mixing. Radial blades are stacked on a parabolic lean profile 
to prevent corner separations in passages that have high turn-
ing. The magnitude of the lean is scaled across the whole 
gauze design depending on the magnitude and direction of 
the required turning. A render of the blading in one of the 
compact compressor designs is shown in Fig. 4, Further 
details on the individual modelling of each blade can be 
found in Taylor (2019).

2.4 � Meshing and simulation

To refine the design of the gauze geometry, a 3D CFD 
method is used to predict the flow within the passages of 
the gauze as well as the mixing process before it reaches the 
target plane at inlet to the experiment. The structured multi-
block RANS solver TURBOSTREAM was selected and is 
introduced and validated in Brandvik and Pullan (2010). The 
entire gauze is meshed and solved along with the down-
stream rotating fan or compressor stage coupled with a mix-
ing plane and the one equation Spalart–Allmaras turbulence 
model. In the case of the BLI fan, the gauze requires a full 
annulus calculation. In the case of the compact compressor, 
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the gauze models the flow downstream of 12 structural struts 
and so only 1/12th of the annulus is simulated.

The blocking is refined compared to that used in Taylor 
(2019), Fig. 4 shows different elevations of the improved 
strategy. Two blocks are used per passage: the O-block and 
the H-block. The subset of the mesh shown in blue shows 

the boundary layer O-block, which wraps around all 4 of the 
internal surfaces of the passage as well as the leading and 
trailing edges. Cells can be clustered on the walls to give 
a y+  < 1 with minimal skewness. The subsets of the mesh 
shown in red, yellow and purple show the central H-blocks 
from three different passages. The figure shows how these 
H-blocks all meet at the corners between the passages. The 
faces from all H-blocks are then patched to a single inlet 
block upstream and a single outlet block downstream.

The meshing is performed automatically in MATLAB as 
part of the iterative design process, with 70,000 cells used 
per gauze passage. Fan and compressor blades were meshed 
using an O4H topology with y+  < 1, a total of 4.4 and 1.2 
million cells were used per blade passage for the fan and 
compressor stage, respectively. Simulations of the flow are 
run on NVIDIA K20 GPUs as part of the University of Cam-
bridge CSD3 cluster. The full annulus BLI fan case takes 
4.5 h to run on 32 GPUs, while the 1/12th annulus compact 
compressor case takes 4 h to run on 4 GPUs.

2.5 � Feedback loop

The numerical results of the 3D CFD model were used as 
part of a closed feedback loop to minimise the discrepancy 
between the target and the predicted flowfields. Due to the 
angularity and asymmetry of the flows of interest, both 
radial and circumferential displacements take place down-
stream of the gauze. For a given streamline, the radial ( Δr ) 
and circumferential displacements ( Δ� ) are defined as the 
change in radial and circumferential coordinates between 
the gauze trailing edge and the target plane. A streamline 
tracking method was used to calculate this displacement and 
track the flow backwards from the target plane to the indi-
vidual passages of the gauze that it passes through. In this 
way, it is possible to ensure the discrepancies between the 
stagnation pressure, swirl and pitch angle of the target flow 
pattern result in updates to the porosity and blade angles in 
the correct part of the gauze. Figure 5 shows an example 
selection of the streamlines from the compact compressor 
case, it can be seen that the pitch and yaw angles in the flow 
are responsible for large scale displacements between the 
gauze trailing edge and target plane, in some places in order 

Fig. 4   Structured multi-block mesh strategy

Fig. 5   Selection of tracked streamlines showing displacement downstream of the gauze
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of 40% of the span. In some gauze applications, the displace-
ments can be small and neglected; in these situations it is 
easier to use experimental data within the feedback loop.

Once the relative locations between the gauze passages 
and the target plane have been calculated it is possible to 
update the design. The blade angles are corrected in a 1:1 
ratio with the flow angle discrepancy, as shown in Eqs. 4 and 
5. The deviation angle, defined as the difference between 
the trailing edge blade angle and the flow angle, increases 
with turning. Consequently, an increase in blade turning 
leads to a smaller rise in flow angle, stabilising the scheme. 
A corrected stagnation pressure drop coefficient is calcu-
lated using Eq. 6. Two terms are identified in this equation: 
the first term represents the ideal loss coefficient caused 
by the local gauze porosity; the second term accounts for 
the discrepancy in loss between the target and the current 
numerical estimation. The corrected stagnation pressure 
drop coefficient is inserted in Eq. 1 to obtain the correc-
tion in porosity. The updated porosity is limited to ensure 
the trailing edge thickness is above the structural minimum. 
Moreover, a lower limit in the porosity is placed to ensure a 
minimum open area; a value of 50% is selected in the exam-
ples from this paper. The updated design is smoothed in the 
radial and circumferential directions before the next iteration 
to avoid steep discontinuities in geometry.

2.6 � Manufacture

Flow conditioning gauzes can be manufactured using two 
processes: additive manufacturing and CNC machining. 
Polyjet stereolithography was proved in (Taylor 2019) to 
provide a good balance between cost, rigidity, and accuracy. 
The same process has been used for all gauzes designed in 
this paper. The printer used has an accuracy of 40 μm in the 
radial and tangential direction. The gauzes were printed in 
the axial direction with a layer thickness of 30 μm. Flanges 
were added to the hub and casing to improve structural 
integrity and allow the gauze to be clamped and installed 
in the rig, as shown in Fig. 6. CNC machining is an alter-
native to 3D printing, however the passage count needs to 
be reduced to improve tool access, which can reduce the 
resolution and resultant smoothness of the target flowfield. 
Machined gauzes are more suitable for high speed applica-
tions. Alternatively, direct metal laser sintering can be used 

(4)���,�+1 = χ��,� + ������� − ��

(5)���,�+1 = λ
TE,n + � ������ − ��

(6)�Cp0,n+1
= a ⋅

(
1

�2

n

− 1

)b

+
(
�Cp0,target

− �Cp0,n

)

for high speed application. However, its cost and surface 
roughness finish make it unsuitable as an engineering tool.

3 � Experimental methods

Two experimental rotating rigs located at the Whittle Labo-
ratory have been used to demonstrate the example gauze 
designs in this paper: the BLI fan rig and the Gibbons com-
pressor rig.

The BLI fan rig is a low-speed single-stage fan rig. It 
was purpose built for the analysis of aft-section boundary 
layer ingesting (BLI) fan aerodynamics. The rig has a long 
intake duct which enables the free interaction of the dis-
torted inflow with the rotor blades. A five-hole pneumatic 
probe mounted on an area traverse system was used to 
resolve the time-average flowfield at the target plane. This 
plane is located 30 gauze chord-lengths downstream of the 
gauze and 40 gauze chord-lengths upstream of the fan. The 
diameter of the head probe was 1.4% of the span. The uncer-
tainties of probe measurements were of the order of ± 0.5% 
and ± 1.0% of the dynamic head for the total and static pres-
sure fields; and of the order of ± 0.5° for flow angles. Due to 
the non-axisymmetric nature of the flow, full annulus area 
traverses were required. The traverse system operated in a 
36° sector with 29 endwall clustered radial positions and 
37 equally spaced circumferential positions. Rotating the 
distortion gauze ten times relative to this sector enabled the 
measurement of the full annulus flowfield. Full details of 
this rig can be found in Castillo Pardo and Hall (2021) and 
Allen et al. (2021).

The Gibbons compressor rig is a medium-speed sin-
gle-stage compressor rig. It has been used for compres-
sor design (Taylor and Miller 2016; Bruni et al. 2020) and 
measurements of in-service effects such as blade damage 
(Taylor et al. 2020). In this rig, the target plane is 9 gauze 

Fig. 6   Photocured resin gauze installed in the BLI fan rig
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chord-lengths downstream of the gauze, and the rotor lead-
ing edge is a further 5 chords further downstream. Five-
hole probe measurements were made with an area traverse 
system with the same uncertainties as the BLI fan rig. As 
the gauzes presented in this paper have a periodicity of 12 
and are also symmetric, it was possible to traverse a 1/24th 
sector of the annulus. The flow was resolved with a grid of 
27 endwall clustered radial positions and 61 equally spaced 
circumferential positions.

4 � Gauze applications

Two applications are presented in this paper: a boundary 
layer ingesting fan and a compact core compressor. In both 
applications, gauzes are designed to replicate the flow at 
the target plane in the real engine configuration at the target 
plane of the laboratory rig. This is shown schematically in 
Fig. 7. Two cases are designed for within each application 

to show as examples of different flow features that can be 
replicated from real engine configurations to be studied and 
compared within the laboratory rigs.

4.1 � Boundary layer ingesting fan

The proposed gauze technology has been applied to rep-
licate the flow distortion at the inlet of a BLI fan. The fan 
of interest is located at the aft-section of CENTRELINE’s 
propulsive fuselage concept (Seitz et al 2021). This aircraft 
configuration includes a cylindrical fuselage, wings, belly 
fairing and a vertical tail place upstream of the fan (Fig. 7). 
The presence of these elements generates a highly distorted 
inflow with large gradients in the radial and circumferen-
tial directions. Three-dimensional numerical simulations of 
the aircraft including an actuator disc for the aft-section fan 
were performed by van Sluis (2020). The flow properties 
found at the aerodynamic interface plane of the aft-section 
propulsor for two different flight conditions, shown in Fig. 7, 

Fig. 7   Sketch of gauze applications
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have been scaled to determine the target flowfields to be 
generated by the gauzes. For this specific application, the 
swirl distortion is an order of magnitude higher than the 
pitch component. Consequently, no attempt to generate pitch 
distortion has been made.

At the cruise aerodynamic design point, the fuselage is 
aligned with the freestream. Due to the symmetry of the 
aircraft about the vertical axis, the inflow at the AIP is sym-
metric about the same axis. This is confirmed in the target 
inflow shown in Fig. 8 and Fig. 9 for stagnation pressure 
loss coefficient and swirl angle, respectively. Note that swirl 
angle is defined positive in the positive direction of θ. A 
very localised deficit in stagnation pressure linked to the 
wake of the vertical tail plane is observed at θ = 0°. The 
swirl component of the flow observed between θ = − 30° 
and θ = 30° drives higher momentum flow into the wake, 
filling the wake. Consequently, this local increase in loss is 
not expected to be replicable. Two larger regions of momen-
tum deficit are found around θ≈ ± 45°. These are associated 
with horseshoe vortices initiated at the junction between the 
fuselage and the leading edge of the vertical tail plane. The 

vortical structures lead to opposing swirl components near 
the hub and casing. The region of low loss at the bottom of 
the annulus is linked to two vortices released from the belly 
fairing. These vortices drive high momentum flow, from 
the outside of the fuselage boundary layer, into the propul-
sor. The large top-to-bottom gradient in stagnation pressure 
induces further upwards flow migration. This leads to a fur-
ther increase in swirl angle around θ≈ ± 90°. Symmetry has 
not been enforced during the design process, proving that 
the solver is able to reach the symmetric solution by itself.

Figure 8 presents the comparison between the target 
design, numerical predictions and measured stagnation 
pressure coefficient at the target plane. The loss coefficient 
is centred around the mean value to highlight the shape of 
the distortion. The methodology can successfully replicate 
the main flow features of the stagnation pressure distor-
tion. As previously explained, the localised momentum 
deficit behind the vertical tail plane has not been attained. 
The disagreement around the horseshoe vortices suggests 
the CFD method underpredicts the loss, driving the design 
solver to lower porosity. Ultimately, the reduced porosity 

Fig. 8   CFD design and experimental measurements of stagnation pressure coefficient of BLI fan at cruise

Fig. 9   CFD Design and experimental measurements of swirl angle of BLI fan at cruise
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results in an excessive stagnation pressure drop. Despite 
the local discrepancies, the main structures of the flow have 
been reproduced in both the gauze computations and experi-
ments. The swirl angle comparison is presented in Fig. 9. A 
discrepancy between the target and the experimental results 
is observed in the regions where loss was numerically 

underpredicted. This can be related to the mixing process 
previously described in Eq. 2. Regardless of the magnitude 
of the discrepancies, the flow topology has been captured in 
both the simulations and experiments.

To illustrate the necessity of performing streamline track-
ing during the iterative design process, the radial and cir-
cumferential displacements between the gauze trailing edge 
and the measurement plane are shown in Fig. 10. The radial 
displacement has been normalised by the rig span. Overall, 
small displacements are found across the annulus. However, 
areas with large gradients in stagnation pressure drop coef-
ficient are associated with larger displacements. Accounting 
for the displacements with the streamline tracking process 
allows the solver to modify the gauze geometry at the correct 
emanating location.

The second flight condition modelled is sideslip, where 
the aircraft is in level flight with a 4° sideslip or yaw angle. 
The sideslip flow component moves from left to right in 
Fig. 11 (stagnation pressure) and Fig. 12 (swirl), generating 
a highly distorted asymmetric inflow. Different features can 
be identified. On the left side, high momentum fluid associ-
ated with the acceleration around the intake lip is observed. 
The interaction of the high momentum flow with the verti-
cal tail plane leads to a strong shockwave boundary layer 
interaction, which separated the boundary layer at θ≈-15°. A 
second region of high momentum is observed at the bottom, 
which is linked to a vortex released from the belly fairing. 
A large low momentum region is observed at θ≈45°. This is 
associated with the larger vertical tail plane wake found with 
sideslip. In terms of swirl angle, the flow is restricted by the 
vertical tail plane at the top. Consequently, the flow is forced 
to migrate anti-clockwise around the fuselage, leading to a 
strong counter-swirl distortion.

Figure 11 presents the comparison between the target 
design, numerical predictions and measured stagnation pres-
sure coefficient at the target plane. The methodology can 
replicate the main flow features of the stagnation pressure 

Fig. 10   Radial and circumferential displacements downstream of the 
gauze for BLI fan at cruise

Fig. 11   CFD design and experimental measurements of stagnation pressure coefficient of BLI fan with sideslip condition



	 Experiments in Fluids (2021) 62:200

1 3

200  Page 10 of 12

distortion. The shape and magnitude of the components are 
well captured with exception of the large vertical tail plane 
wake. A shift of almost 90° in the low momentum region is 
measured in the rig that is not predicted in the CFD. This 
could be associated to the underprediction of loss by the 
CFD solver in the region of interest. Increased loss in the 
experiment can increase the turning during the mixing pro-
cess as tangential momentum is conserved. The increased 
loss could be caused by errors in the modelling in the CFD 
or imperfections caused by the manufacturing process. A 
likely candidate for the source of manufacturing error would 
be roughness within the passages causing increased growth 
of the gauze passage boundary layers.

Figure 12 presents the swirl angle comparison, where a 
very good agreement in terms of shape and magnitude is 
observed. As above, the largest discrepancy has been meas-
ured on the right side near the casing. This co-swirling flow 
is responsible for the circumferential shift in the loss pattern. 
Despite the small discrepancies, the main features of the 
flow have been replicated successfully.

4.2 � Compact core compressor

The proposed gauze technology has been applied to the prob-
lem of an axial compressor operating downstream of a short 
swan neck duct with 12 structural struts passing through it. 
The duct of interest is shown in Fig. 7 and presented in Tay-
lor et al. (2021). As it has been designed for use in a hybrid 
air-breathing rocket engine, it has been reduced in length by 
30% compared to current aero engines. In this work, it was 
found that the structural struts cause significant loss and 
distortion at the duct outlet plane. In an engine application, 
this distortion is expected to cause significant problems of 
loss and stability for the downstream compressor. An opti-
mised design was presented that uses a circumferential split-
ter blade to help offload the endwalls, which reduces loss and 
distortion of the duct. The work experimentally measured 

the 2D flowfield at the duct outlet plane using a stationary 
suck-down sector test rig for both the datum and the split-
tered duct design. In this section of the paper, the aim is to 
design two gauzes to replicate the major flow features of 
these two experiments so that the downstream effect can be 
quantified in a rotating compressor rig.

The two target profiles are plotted in Fig. 13. These 
contour maps show stagnation pressure coefficient, swirl 
and pitch angle for the datum design on the left and the 
splittered duct design on the right. In both designs the area 
of low stagnation pressure at the centre is caused by the 
effect of the strut. In the datum case, a large hub-side corner 
separation is convected out towards the casing, while the 
hub endwall separation can also be seen to roll up mid-way 
between two struts, shown in the bottom left hand corner 
of the contour map here. Swirl and pitch angles show the 
secondary flow that is driven by the loading on the duct 
endwalls overturning the strut wake. In the splittered duct 
design, it can be seen that both the depth and extent of low 
stagnation pressure regions and the angularity of the flow are 
reduced; therefore, this design is expected to have a reduced 
detrimental effect on the downstream compressor.

Figure 13 also shows the comparison between the CFD 
predictions and experimentally measured flowfields at the 
target plane downstream of the two gauze designs. The depth 
of the low stagnation pressure regions in the centre of the 
gauze are underpredicted by the CFD, although the mag-
nitudes between the experiment and the target profiles are 
comparable. In the datum design this region is concentrated 
towards the casing of the compressor; this is expected to 
have a greater effect on the downstream compressor as it 
is located close to the tip of the rotor blade row. The mod-
elled wake of the strut in the splittered duct is more uniform 
across the span. Swirl and pitch angles of the flow are also 
more intense in the experiment, but the main features of 
the secondary flow are present. Radial flow in the centre 
of the strut wake is well captured as are the pair of passage 

Fig. 12   CFD design and experimental measurements of swirl angle of BLI fan with sideslip condition
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vortices that result. The splittered duct has less intense sec-
ondary flow and so is expected to have a reduced effect on 
the operability of the downstream compressor. The wake of 
the splitter blade itself, present as a ring at 30% span off the 
hub is also captured in the experiment, any detrimental effect 
from this feature can also be captured in the downstream 
experiment.

Using this methodology, it has been possible to decou-
ple the effects of experimental campaigns on different tur-
bomachinery components and investigate the flow physics 
more meaningfully. In the published work of Taylor et al. 
(2021), the loss mechanisms within the duct were investi-
gated. Using the non-axisymmetric complete flow condi-
tioning gauze, the effect of the distortion on a downstream 
compressor can now be quantified with a very simple and 
flexible experiment on a rotating rig.

5 � Conclusions

Complete flow conditioning gauzes can be used to gener-
ate any stagnation pressure and swirl or pitch angle pattern 
that varies in both radial and circumferential directions. By 
individually tailoring many radial and circumferential blades 
in a thick additively manufactured gauze, it is possible to 
model the real distortion conditions seen by turbomachinery 
components in an engine within a rotating rig or wind tunnel 
experiment in a laboratory environment. This increases the 
flexibility of experiments and reduces the space required for 
infrastructure and their associated costs.

The method is demonstrated for two applications. In 
the first, a boundary layer ingesting fan mounted at the aft 
of an aircraft, inflow conditions can be reproduced that 
model the distortion seen at cruise and at a condition with 

sideslip. In the second, a compact core compressor, inflow 
conditions can be reproduced to model the distortion gen-
erated by two upstream swan neck ducts, both with struc-
tural struts but only one with an optimised splitter blade 
to offload the diffusion of the endwalls.

The applications given in this paper are only two exam-
ples of the type of turbomachinery problems that are going 
to be encountered in the future. To quantify the effects 
of flow conditions at the interfaces of tightly integrated 
engines requires the use of non-axisymmetric complete 
flow conditioning gauzes. The method outlined in this 
paper is necessary to improve our understanding of these 
problems and allows us to achieve the performance needed 
in the future.
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