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ABSTRACT 

This paper describes the design and commissioning of an ultra-compact traverse system for the Engine Component 
Aerothermal (ECAT) facility at the University of Oxford, an engine-parts facility operating at engine-representative Mach 
and Reynolds numbers. The traverse system was required to be unusually compact to integrate within an existing upstream 
cassette system. The system has been used to perform detailed surveys of inlet total pressure, temperature, flow angles, 
velocity, and turbulence. The design and commissioning are described in detail. Example data is also provided. It is hoped 
that the novel design will be useful for other engineers involved in facility design. 

INTRODUCTION 

The Engine Component Aero-Thermal (ECAT) facility (Kirollos et al., 2017) is a nozzle guide vane (NGV) test facility 
designed to characterize the aero-thermal performance of engine parts. The facility operates at engine-matched Mach and 
Reynolds numbers and has been used for studies of NGV capacity (Burdett et al., 2021), heat transfer (Michaud et al., 
2022a), and aerodynamic performance (Burdett and Povey, 2022a, 2022b; Michaud et al., 2022b). The inlet flow can be 
conditioned to be uniform in total temperature and pressure, or to operate with an upstream combustor simulator (Kirollos 
et al., 2017). For heat transfer testing the facility can operate at mainstream-to-coolant temperature ratios of 1.2 using air 
heaters, or ratios up to 2.0 using a secondary heated-tank supply system (Messenger and Povey, 2020). 

The facility operates in semi-transient blow-down mode, with air stored initially in air receivers at 27.5 bar. Large civil 
engine stages can be operated at steady state conditions (achieved using pressure regulators upstream of a choked nozzle) 
non-dimensionally matched to the cruise condition for approximately 60 seconds. This mode of operation is used for 
traverse measurements. It is also possible to operate the facility in blow-down mode, in which the operating condition 
(Mach number) through a range of quasi-steady states during a 60 second period (see work by Kirollos et al. (2017)): this 
mode is typically used for measuring NGV capacity characteristics.  

The NGV inlet conditions are measured approximately three axial chords upstream of the NGV leading edge, using 
probes mounted in a radial-cassette system (four equally spaced cassettes). This is illustrated in the meridional view of 
Figure 1 (a) (build configuration showing the combustor simulator). 

Each cassette can hold up to 4 rake probes, with typically eight measurement points per probe for total pressure or 
temperature. Offset probes have been used to increase the effective radial resolution to 16 points. This data is used to set 
the row pressure ratio, and to establish the temperature boundary conditions for overall effectiveness measurements. When 
operating with non-uniform inlet conditions (temperature distortion and swirling flow) traverse measurements have been 
performed using a hub-mounted downstream traverse system (see Burdett and Povey (2022a), Kirollos et al. (2017), and 
Michaud et al. (2022b)). This system has the advantage that it can be used to survey the entire 360° annulus (in 40 
segments), but the disadvantage that it necessitates removal of the NGVs to survey the inlet cassette plane, shown in Figure 
1 (a). Because of the highly haded endwalls, near-wall measurements are complicated in this measurement configuration, 
and swan neck probes are required. This paper describes an upgrade to that system: the development of an ultra-compact 
cassette-based traverse system for the NGV inlet flow. This two-axis motorized 𝑟-𝜃 traverse system is shown in Figure 
1 (b), and operates over the complete radial range of the annulus, and with a circumferential range of 35°. Example data is 
presented in later sections. 
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Figure 1. Meridional view of the ECAT facility test section with: (a) the rake-fitted cassette installed; 

(b) the new upstream ultra-compact cassette-based traverse system installed. 

LITERATURE REVIEW 

In this section, the literature relating to traverse systems for annular turbomachinery experiments is briefly reviewed. 
In very short duration facilities (<1 s), probe response times often mandate fixed-position instrumentation. To build 

up an area-survey it is common to use indexable rakes (Adams et al., 2020; Atkins et al., 2007; Cernat and Lavagnoli, 
2021). These are typically manually repositioned in-between runs. 

Facilities with longer run times generally use automated traverse systems, allowing finite areas to be surveyed with a 
single probe in a given run. Several systems have successfully deployed rotating stators paired with a radial traverse system 
(Dahlqvist et al., 2014; Wolf et al., 2011, 2017). In the Test Turbine Rig at KTH Stockholm (Dahlqvist et al., 2014), stator 
rotation was achieved by attaching the stator disc to a hollow shaft, concentric with and opposite the rotor shaft. 

An alternative way of achieving circumferential movement is via a rotating casing. For example, the Purdue Small 
Turbine Aerothermal Rotating Rig (Cuadrado et al., 2019) uses an electric linear actuator to turn a ring on which are 
mounted three independent radial traverse gears. The Purdue Big Rig for Aerothermal Stationary Turbine Analysis 
(Bhatnagar et al., 2022) may also broadly be classified as a rotating casing facility, even though only a small brass carriage 
moves circumferentially. The carriage is guided by a track and is powered by an industrial robotic arm. Both Purdue 
facilities feature an additional axis for yawing the probe. A rotating casing ring, driven via a worm gear, was implemented 
in the 4-stage turbine facility at RWTH Aachen(Bohn et al., 1999), although in this implementation four rakes (spaced at 
90° intervals) were used instead of a dedicated radial axis. The Air Force Research Laboratory Turbine Research Facility 
(Anthony and Clark, 2013; Barringer et al., 2007) uses the same approach.  

Hub mounted systems have been used in the ECAT facility (Burdett and Povey, 2022a; Kirollos et al., 2017; Michaud 
et al., 2022b), the von Karman Institute CT3 facility (Sieverding and Arts, 1992) and the Chalmers University LPT-OGV 
facility (Jonsson et al., 2018; Jonsson, 2021). The existing ECAT facility downstream traverse system (Michaud et al., 
2022b) mounts onto a backing plate downstream of the NGV ring. The system features a large central bearing on the 
machine axis, around which the traverse system rotates. A separate linear motion unit allows radial motion. The system 
was primarily designed for downstream surveying but has been used for inlet surveying with the NGV ring removed. The 
CT3 facility (Sieverding and Arts, 1992) (at the von Karman Institute) is equipped with a similar system, but with the 
distinction that the probe is introduced radially through a hole in a rotating hub exit duct, with rotation actuated by 
pneumatic piston instead of a geared stepper motor. The LPT-OGV facility (Jonsson, 2021) hub-mounted traverse uses a 
large disc mounted on a geared ring guide with four individually controllable radial traverse axes. The facility also features 
an independent downstream traverse system, using an ABB IRB-1400 6-axis robotic arm to directly manipulate probes, as 
well as a radial and axial traverse system, introduced from the casing. 

Two designs with some similarity to the present system are those used in the Oxford Cold Heat Transfer Tunnel 
(CHTT) (Martinez-Botas et al., 1993), and the new Next Generation Turbine Test Facility (NGTurb) at the German 
Aerospace Center (Krumme et al., 2019). In the CHTT the traverse system was integrated into an upstream cassette, with 
the radial traverse gear inside the pressure vessel, driven circumferentially by a piston attached to the cassette exterior. The 
inner radial gear was mounted on a carriage constrained to move in an arc by two circular slots. The NGTurb facility uses 
a similar concept, with fixed and eccentric cam rollers running inside a circular slot. 

Commercial traverse systems for cylindrical coordinate frames are offered by Aerodyn Ltd, Rotadata Ltd, and 
Quadratec Ltd. Several patents for turbomachinery traverse systems have also been registered (Mashburn et al., 1977; 
Singh et al., 2021; Wittig, 1976). A top-mounted cassette allowing for 3-axis rectilinear motion as well as probe pitch and 
yaw is summarized by Wittig (1976). The system is intended for radial operation in turbomachinery, but it is noted that 
only a limited circumferential range is accessible with this design. The traverse gear patented by Mashburn et al. (1977) is 
a hub-mounted system, allowing for radial, and circumferential motion as well as probe yaw. It features an aperture for 
passing a rotor shaft. A generic rotating casing, driven via a ring gear mechanism is described by Singh et al. (2021). 
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TRAVERSE PLANE LOCATION 

The axial location of both the existing cassette-based rakes and the new traverse system (subject of this paper) was 
approximately three axial chords upstream of the vane leading edges (see Figure 1). Here the flow is relatively unaffected 
by the vane potential field, allowing the same traverse data to be used—with a high degree of accuracy—for vanes of 
similar aerodynamic design in any clocking position, provided there is limited change in the downstream annulus line. 

TRAVERSE SYSTEM OVERVIEW 

The new cassette-based traverse system is shown in Figure 2. Two custom linear motion units driven by stepper motors 
allow for radial and circumferential motion of the carriage frame and probe (see Figure 2). To translate linear motion into 
cylindrical motion, the radial gear assembly is mounted on a four-wheeled carriage frame assembly that is guided by 
circular-arc slots machined into the inner walls of the lower cassette assembly. The interface between the carriage frame 
and the lower cassette is symmetric, allowing the radial gear to be reversed. This extends the total circumferential range 
from approximately 20° to 35°. The circumferential and radial traverse gear assemblies are connected via a sliding pin-slot 
arrangement. The two stepper motors have encoders allowing for closed-loop control. The ECAT facility run time is 
approximately 60 seconds, and therefore the system was designed for relatively high maximum acceleration and velocity, 
to maximize the traverse area in each run. A particular design challenge was ensuring the cassette was sealed, with a design 
pressure of 10 bar. This required power cables, probe signals and encoder feedback to be passed through sealed connectors. 
Key parameters of the traverse system are summarized in Table 1. 

 
Figure 2. Visualization of assembled traverse showing internal mechanisms. 

 
 

Table 1. Details of traverse system. 

Parameter Nominal value 
Angular range (single orientation) [°] 35 (20) 
Radial travel [mm] 115 
Circumferential axis acceleration [mm∙s−2] 600 
Radial axis acceleration [mm∙s−2] 300 
Circumferential axis velocity [mm∙s−1] 32.0 
Radial axis velocity [mm∙s−1] 22.5 
Circumferential backlash [mm] ±0.2 
Radial backlash [mm] ±0.1 
Axial backlash [mm] ±0.3 
Pressure rating [barg] 10.0 
Minimum safety factor at rated pressure [‒] 5.7 
Assembly mass [kg] 29.7 

SUBSYSTEM AND INTERFACES 
In this section the traverse assembly is described in greater detail and key design issues are discussed.  

Cassette housing assembly 
The cassette housing assembly is shown in Figure 3 (a). It is comprised of the upper cassette body (single part with through-
slot), and the lower cassette body with two clamshell parts. The interface between the upper and lower cassette (detail A) 
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is a shallow (1 mm) interlocking rail/slot assembly to minimize wall thicknesses in the axial direction (eliminating screws 
on most surfaces). The internal walls of the lower cassette clamshell parts have circular-arc slots which guide the carriage 
frame through two pairs of cam rollers (detail B). To ensure accurate alignment, precision machining and dowel-pin 
assembly was used throughout this assembly. The upper cassette body was made from 6082-T6 aluminium. The lower 
cassette parts are manufactured from 304 steel. 
 
 

 
Figure 3. (a) Cassette housing clamshell assembly showing the opposing circular-arc slots and 

carriage frame assembly with cam rollers; (b) carriage frame assembly close-up. 

 

Carriage frame assembly 

The carriage frame assembly is shown in Figure 3 (b). Four cam rollers (Ø10.00 mm) mate within circumferential slots in 
the lower cassette housing clamshell. Low radial clearance (0.2 mm; see detail B in Figure 3 (a)) between the rollers and 
slot reduces backlash, but clearance must be sufficient to avoid binding of the cam rollers. Integrated slide bearings along 
the length of the carriage frame (see Figure 3 (b)) constrain axial position within ±0.2 mm. Dry friction at the sliding 
interface between the integrated slide bearing and the lower cassette is minimized by pairing steel (lower cassette) with 
phosphor bronze (SAE660; carriage frame). This eliminates the need for lubrication, thus reducing the likelihood of probe 
contamination. A baffle plate attached to the lower side of the carriage body matches the gas path annulus. Based on the 
design clearances, the maximum positional probe tip uncertainty was estimated to be ±0.2 mm circumferentially, ±0.1 mm 
radially, and ±0.3 mm axially. This is within the probe measurement size for all probes used in the ECAT facility. 

Radial traverse gear assembly 

The radial traverse gear assembly is shown in Figure 4 (a). The sled (see Figure 4 (a)) is mounted on a linear guide, and its 
radial position is controlled via a leadscrew, which is powered by a stepper motor (with encoder). The sled also features a 
modular probe clamp that can accommodate shafts diameters up to 10 mm. Limit switches serve to set a datum for the 
incremental encoder and to prevent damage if the control system is incorrectly coded. A stop-block acts as a hard-stop, 
should the limit switch fail. The radial traverse gear assembly is mounted directly to the carriage frame assembly (Figure 
3 (b)) and thus follows a circular arc. The interface with the circumferential traverse gear assembly (next section) is a pair 
of sliding pins (see Figure 4 (a)) at the end of the connector arm, that engage with a slot in the circumferential traverse 
gear.  

Circumferential traverse gear assembly 

The circumferential traverse gear assembly is shown in Figure 4 (b). A stepper motor (with encoder) drives a sled assembly 
via a leadscrew. The sled assembly has a vertical slot into which the radial traverse gear sliding pins engage: this is shown 
in detail C.  

Entire traverse assembly 

A photograph of the entire traverse gear assembly is shown in Figure 4 (c), with one of the lower cassette body clamshell 
parts removed to expose the internal systems. The phosphor bronze carriage frame assembly and radial traverse gear are 
clearly visible. The reversible asymmetric head (to extend the circumferential range) can also be seen. The entire assembly 
has a mass of approximately 30 kg.  
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Figure 4. (a) radial traverse gear assembly showing the sliding pin interface with the circumferential 
traverse gear; (b) circumferential traverse gear assembly showing the sliding pin interface with the 

radial traverse gear assembly; (c) photograph of the entire traverse assembly with one lower cassette 
body clamshell part removed to reveal the carriage frame assembly and radial gear. 

TRAVERSE ELECTRONICS AND CONTROL 

Traverse system electronics box 

The power supplies, stepper motor drives, encoder wiring and limit switch wiring were integrated into a bespoke 19 inch 
rack unit, which runs as a module along other ECAT facility control equipment. The stepper motors are driven by a 300 W 
(48 V) switch mode power supply unit. Limit switches operate at 24 V. Encoder signals (5 V) are interference protected 
using braid and foil-shielded twisted pair cable. A braided shield around the power and limit switch cables further reduces 
noise.  

Communication and control 

The traverse is controlled through a LabView serial interface (115.2 kBaud∙s−1). LabView reads a user-generated traverse 
pattern file and verifies that the desired trajectory falls within the operable range. Before each run, the traverse performs a 
homing routine to establish a datum for the incremental encoders. The position history and configuration are automatically 
written to an output text file. 

EXPERIMENTAL METHODS 

Overview of probes 

Five probes were used in the first measurement campaign using the new traverse system: R56 and R57 split-fiber probes 
for turbulence measurement; Kiel and pitot probes for total pressure measurement; and a thermocouple probe for 
temperature measurement. Photographs of these probes are shown in Figure 5 (a). 

The split-fiber probes measure flow inclination and flow velocity on a plane orthogonal to their sensor axis (R56 has 
a circumferentially-aligned sensor; R57 has a radially-aligned sensor). Together, they yield the mean-flow direction and 
magnitude, as well as turbulence statistics, including five (of six) Reynolds stresses, integral timescales, and power spectra. 
An excellent overview of the operating principle of split-fiber probes has been written by Lepicovsky (2003). 



 
6 

 

For pressure measurements, the Kiel probe was used between 6% and 100% span (improved incidence tolerance, but larger 
size) with the Pitot probe being used between 2% and 6% span (less incidence tolerance, but smaller size). The Kiel and 
Pitot probes were found (direct calibration) to have time constants of 14 and 10 milliseconds, respectively. The time 
constant of the thermocouple (K-type; 0.127 mm diameter) was estimated to be on the order of 100 milliseconds (method 
of Paniagua et al. (2002)). 

Build configuration for reported data 

The most common build configuration for the ECAT facility includes four equally spaced cassette ports in the inlet duct, 
as shown in Figure 5 (b) (see also Figure 1). For the tests reported in this paper, two cassettes of fixed rakes were used in 
addition to the traverse cassette, with a blank cassette in the fourth port. All cassettes are interchangeable. Fixed information 
is used for scaling and normalization of the traverse data (e.g. to account for small variations in inlet total pressure). The 
traverse covered a 34.4° sector, between 297.4° and 331.8° clockwise from top dead center (TDC). The build configuration 
was with a lean-burn combustor simulator, described by Hall et al. (2014) and Hall and Povey (2015) with the ECAT 
facility implementation discussed by Kirollos et al. (2017). The combustor simulator can operate with both radial 
temperature distortion and high inlet swirl. The swirler count was 20, equivalent to 18° sectors. 

For the split-fiber and pressure measurements, the traverse was operated with intermittent motion, stationary at each 
grid point for 0.75 seconds. Radial and circumferential grid spacings were set to 5 mm (at midspan), with radial refinement 
to 1.5 mm near the walls. Temperature data was acquired during continuous traverse motion at 10 mm∙s−1 circumferentially, 
which corresponds to an effective circumferential resolution of 3 mm, assuming a 500 ms settling time (equal to five time 
constants). The radial step size was set to 3 mm over most of the span, and 0.75 mm near the walls in regions of high 
temperature gradient. 

 
Figure 5. (a) photographs of the five traverse probes used in the first experimental campaign; 

(b) cassette configuration (viewed from upstream) showing the location of the traverse sector and the 
fixed rakes; all four cassettes can be interchanged. 

Constant temperature anemometer setup and calibration 

The constant temperature anemometry (CTA) method uses a high-frequency electrical feedback loop to maintain a thin 
wire (high thermal frequency response) at a constant temperature (around 200°C in this experiment), irrespective of the 
convective cooling flux. Under conditions of constant temperature difference between the sensor and the flow, voltage 
squared (i.e. power dissipation) is approximately proportional to the square root of the flow Reynolds number (King, 1914). 
With careful calibration, this method can be used to determine the real-time flow velocity. 

Because the convective cooling flux scales approximately with the square root of the Reynolds number, the sensor 
voltage calibration map is expressed as a function of the mass flux (i.e. the product of density and velocity). This ensures 
that the differences between air pressure during calibration (ambient pressure) and experiments (approximately 1.8 bara) 
are considered when reducing the data. 
The probes were calibrated over an inclination range of ±90° in increments of 5° across 20 different mass fluxes distributed 
evenly between 6 and 140 kg∙m−2∙s−1. Equations (1) and (2) are used to translate sensor voltages, 𝐸1 and 𝐸2 into two 
coefficients, 𝑐1 and 𝑐2, which decouple the effect of flow velocity and flow inclination. 
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𝑐1 = 𝐸1
2 + 𝐸2

2 (1) 𝑐2 =
𝐸2

2 − 𝐸1
2

𝑐1

 (2) 

The sum of squares of the voltages, 𝑐1, is an expression for the total power dissipation in the sensors and should be a 
function of the mass flux, 𝜌𝑉, which drives the heat transfer rate (see arguments in (Lepicovsky, 2003)). The coefficient 
𝑐2 (difference in the squares of the sensor voltages) is sensitive to flow inclination. Figure 6 shows contours of the 
calibration coefficients 𝑐1 and 𝑐2 as a function of mass flux and the probe yaw angle, 𝛼, for the R57 probe. Coefficient 𝑐1 
is almost entirely independent of yaw angle and is approximately quadratic in mass flux. The directional coefficient, c2, is 
monotonic in yaw angle from −90° to +85°, with limited (undesirable) dependence on mass flux. 

 
Figure 6. R57 split-fiber probe calibration maps for coefficients: (a) c1; (b) c2. 

Hotwire data reduction 

CTA data was acquired with synchronous sampling at 250 kHz, using an analog 100 kHz lowpass filter. Small differences 
in flow temperatures between the facility and calibration environment were corrected for using the Bearman correction 
method (Bearman, 1969): 

𝐸corr = 𝐸m (
𝑇w − 𝑇c

𝑇𝑤 − 𝑇m

)
𝑏

 (3) 

where 𝑇𝑤 is the temperature of the sensor (independent of the ambient temperature), 𝑇𝑐 is the flow temperature during 
calibration, 𝑇𝑚 is the flow temperature during measurements (from fixed thermocouple rakes), 𝐸𝑚 is the measured voltage, 
𝐸𝑐𝑜𝑟𝑟  is the corrected voltage, and 𝑏 is an exponent for model fitting (nominal value of 0.5 unless calibrated). The time 
series of corrected voltages is fed into an iterative solver (using a method similar to that described by Lepicovsky (2003)) 
to obtain mass flux and flow angle. 

Decomposition & turbulence statistics 

Time-resolved flow angles and mass fluxes can be decomposed into axial, radial, and circumferential mass fluxes, as shown 
in Equations (4) to (7). 

𝜌𝑉𝑥 = (𝜌𝑉)R56 cos 𝛽 (4) 𝜌𝑉𝑟 = (𝜌𝑉)R56 sin 𝛽 (5) 

𝜌𝑉𝑥 = (𝜌𝑉)R57 cos 𝛼 (6) 𝜌𝑉𝜃 = (𝜌𝑉)R57 sin 𝛼 (7) 

 
Based on the sensor orientation and directional sensitivity, (𝜌𝑉)𝑅56 represents the mass flux components on the 𝑥-𝑟 plane, 
whereas (𝜌𝑉)𝑅57 encompasses the mass flux components on the 𝑥-𝜃 plane. The yaw angle, 𝛼, and the pitch angle, 𝛽, are 
used to project the probe mass fluxes onto the principal axes. If desired, the time resolved experimental velocities can be 
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recovered by dividing the respective mass flux by the time average density inferred from inlet rake measurements. Reynolds 
stresses, 𝑅𝑖𝑗, can be calculated using Equation (8) 

𝑅𝑖𝑗 =
∑ (𝜌𝑉𝑖(𝑛) − 𝜌𝑉𝑖

̅̅ ̅̅ ) ⋅ (𝜌𝑉𝑗(𝑛) − 𝜌𝑉𝑗
̅̅ ̅̅ )𝑁

𝑛=1

𝑁 (𝜌0,rake̅̅ ̅̅ ̅̅ ̅̅ )2
 (8) 

where 𝑖 and 𝑗 represent the index of three orthogonal components (𝑥, 𝑟 and 𝜃) and 𝜌0,rake is the total density inferred from 
rake measurements. The overbar represents the ensemble average across 𝑁 samples at each grid point. When 𝑖 = 𝑗, the 
equation reduces to the root mean square of 𝜌𝑉𝑖 divided by the density squared. Since synchronized pairs 𝜌𝑉𝑥–𝜌𝑉𝑟  and 
𝜌𝑉𝑥– 𝜌𝑉𝜃 are available, the Reynolds shear stress terms 𝑅𝑥𝑟 and 𝑅𝑥𝜃 may also be determined 

The turbulence kinetic energy, 𝑘, can be calculated from the sum of the principal stresses (Equation    (9)), which—in 
combination with the absolute velocity—can be used to determine the turbulence intensity, 𝐼 (Equation (10)). 

𝑘 = 
1

2
(𝑅𝑥𝑥 + 𝑅𝑟𝑟 + 𝑅𝜃𝜃)    (9) 𝐼 =

√2𝑘/3

√(𝑉�̅�)2 + (𝑉�̅�)2 + (𝑉𝜃
̅̅ ̅)2

 (10) 

Since the both the R56 and R57 probe yield results for 𝜌𝑉𝑥 and 𝑅𝑥𝑥, the values were averaged at overlapping points. 

Pressure and temperature data processing 

Pressure and temperature data were both acquired at 500 Hz. The effective time constants of the pressure and temperature 
probes were approximately 10 ms and 100 ms, respectively, and therefore the data were low-pass filtered to 100 Hz and 
10 Hz, i.e. one time constant. Average pressure at each traverse sampling point was normalized by the ensemble average 
of the fixed-rake Pitot pressures over the respective sampling period. The traverse temperature measurements were 
normalized by the filtered instantaneous ensemble average of the fixed-rake thermocouples. 

Traverse patterns 

The run duration is approximately 60 seconds (Kirollos et al., 2017) (optimized for capacity testing, heat transfer testing, 
and downstream area traverse testing) allowing upstream full area traverse maps to be built up in approximately 20 runs. 
Figure 7 (a) shows the traverse pattern used for pressure and split-fiber probes, and Figure 7 (b) shows the traverse pattern 
for the thermocouple probe. In all, 22 and 20 runs were used respectively. 

 
Figure 7. Examples traverse patterns for: (a) split-fiber and pressure probe; (b) thermocouple probe. 

SAMPLE DATA 

In this section, examples of data collected with the new traverse system are shown. Distributions of axial mass flux, 
normalized total pressure, yaw angle, pitch angle, turbulence intensity and normalized total temperature are shown in 
Figure 8 (a)-(f) respectively. The purpose here is simply to show the quality of the data that can be obtained with the 
traverse.  

All six distributions exhibit good resolution, and periodicity at the swirler pitch (18°). In the near-casing region of 
Figure 8 (a), (b) and (f) a region of high mass flux, slightly elevated total pressure (by approximately 2%) and low total 
temperature can be observed. This is the coolant layer introduced by the combustor simulator, directly downstream of the 
injection location before partial mixing with the main flow. Yaw and pitch angle distributions characteristic of a well-
behaved vortex (see work by Hall et al. (2014) and Hall and Povey (2015)) can be seen in Figure 8 (c) and (d) respectively. 
The turbulence intensity distribution is shown in Figure 8 (e), with a mean of 15%, and a peak of 24% at a location near 
the vortex core. Interestingly, turbulence intensity in the coolant jet is low, but with slightly elevated values in the shear 
layer that develops at the interface with the freestream. 
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This pilot demonstration of the traverse system shows that detailed flow field maps can be obtained downstream of the 
ECAT facility combustor simulator, allowing improved understanding of combustor-turbine interaction effects, and more 
accurate CFD boundary conditions. 

 
Figure 8. Distributions (viewed from upstream at the inlet cassette plane) of: (a) axial mass flux; (b) 
normalized total pressure; (c) yaw angle; (d) pitch angle; (e) turbulence intensity; and (f) normalized 

total temperature. 

UNCERTAINTY AND REPEATABILITY 

In this section we estimate the bias and precision errors associated with the measured properties.  

Bias uncertainty 

Let us first consider the bias error of the variables measured by the split-fiber probes (𝜌𝑉, 𝛼, and 𝛽). An overview of 
common sources of error for constant temperature anemometry is given by Jørgensen (2005). For the current setup, the 2σ 
(95% confidence interval) bias uncertainty of the split-fiber probe local mass flux (𝜌𝑉) measurement was estimated to be 
±3.0%. This arises from the propagated bias uncertainty of the local mass flux during calibration (±1.0%; 2σ; normally 
distributed) and the uncertainty in the temperatures used for the temperature correction of the voltages (±2.8%; 2σ; normally 
distributed). The remaining error sources affecting 𝜌𝑉 are negligible by comparison: calibration curve-fitting uncertainty 
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was essentially eliminated by measuring the non-linear calibration curve directly at high resolution (20 different mass flux 
conditions); uncertainty in the gas density was essentially eliminated by calibrating against 𝜌𝑉 instead of the velocity; the 
voltage quantization resolution was 0.15 mV. For the split-fiber-measured flow angles (𝛼 and 𝛽) the 2σ bias uncertainty 
was estimated to be ±1.6°. This was calculated by propagation from the combined alignment uncertainty during calibration 
and testing (both were assumed to be uniformly distributed between ±1.0°). 

The bias uncertainty of the normalized total pressure was determined from the standard error of the Kiel/Pitot probe 
pressure transducers (0.02% of the 2 bar full-scale output or equivalently ±40 Pa), and the standard error of the rake pressure 
transducers (0.05% of the 5 bar full-scale output or equivalently ±250 Pa). At an operating pressure of 1.80 bara, the 2σ 
bias uncertainty was ±0.28% of the normalized total pressure. 

Finally, we consider the bias uncertainty of the normalized total temperature. The temperature probe uses a specialized 
thermocouple with a standard error of ±0.37 K (1σ), whereas the rake uses standard K-type thermocouples (±0.73 K; 1σ). 
At an operating temperature of 340 K, the 2σ bias uncertainty for normalized total temperature was estimated to be ±0.48%. 

Precision uncertainty 

We now consider the precision uncertainty of the measurements. We calculate standard error using the sample standard 
deviation and the effective sample size. For the split-fiber probe time-series data, the effective sample size (function of 
sampling period, sampling frequency, and integral time scale) was estimated using the method of Sciacchitano and Wieneke 
(2016). For the pressure probes, the effective sample size is a function of the sampling period, sampling frequency, and 
probe time constant. The typical estimated 95% confidence intervals for precision error were ±1.7% for mass flux, ±0.9° 
for flow angles, ±1.2% (absolute) for the turbulence intensity, and ±0.026% for normalized total pressure (5% of mean 
dynamic head). Temperature precision uncertainty is undefined because the probe moves continuously. 

Repeatability in practice 

We now benchmark the repeatability of the traverse measurements by comparing two R57 probe datasets. The two datasets 
were acquired several days apart and were separated by a rebuild of the traverse, including the removal and re-alignment 
of the probe (see traverse system overview; normal/reversed orientation). Radial profiles of 𝜌𝑉𝑥, 𝛼,  𝑅𝑥𝑥, and 𝑅𝜃𝜃 are shown 
in Figure 9 for the region of overlap between the normal and reversed cassette configurations (312.6–318.2°). The profiles 
of axial mass flux and yaw angle are shown in Figure 9 (a), and (b), respectively. The agreement between the two datasets 
is excellent, with maximum differences of 2.4 kg∙m−2∙s−1 (approximately 5%) and 1.0° respectively. The profiles of the 
Reynolds stresses 𝑅𝑥𝑥 and 𝑅𝜃𝜃 are shown Figure 9 (c), and (d), respectively. The agreement is good for both variables, 
with maximum differences of 1.8 m2∙s−2 (approximately 10%) and 1.0 m2∙s−2 (approximately 7%) respectively. As 
expected, the convergence level of the turbulence statistics is slightly lower than that of the mean flow variables. Overall, 
the comparison shows excellent repeatability of the traverse measurements in practice, demonstrating good calibration, and 
well-controlled facility operating conditions between runs.  
 

 

Figure 9: Comparison of datasets from two R57 probes in the range 312.6°–318.2°, measured for normal and 
reversed cassette configurations: (a) 𝝆𝑽𝒙; (b) 𝜶; (c) 𝑹𝒙𝒙; (d) 𝑹𝜽𝜽. 

CONCLUSIONS 

The design and commissioning of an ultra-compact traverse system to survey the inlet flow of a transonic annular cascade 
system has been presented. The system is unusual in that it was necessary to accommodate it within a 30 mm axial gap 
within an existing cassette architecture, and that it had to be rated to a design pressure of 10 bar. With the use of split-fiber, 
Kiel, and thermocouple probes, it has been demonstrated that the system is capable of delivering high-quality inlet traverse 
data, acquired across a series of semi-transient (approximately 60 s) runs. It is hoped that the detailed design information 
will be of use to those designing similar systems for turbomachinery test facilities. 
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NOMENCLATURE 

Roman 
𝑐1  Mass flux coefficient [V2] 
𝑐2  Yaw/pitch directional coefficient [‒] 
𝐸1, 𝐸2 Split-fiber sensor voltage [V] 
𝐼  Turbulence intensity [‒] 
𝑘  Turbulence kinetic energy [m2∙s−2] 
𝑛  Summation number [‒] 
𝑁  Number of samples [‒] 
𝑟  Radial coordinate [m] 
𝑅𝑖𝑗  Reynolds stress [m2∙s−2] 
𝑇  Temperature [K] 
𝑉  Velocity magnitude [m∙s−1] 
𝑉𝑟   Radial velocity [m∙s−1] 
𝑉𝑥  Axial velocity [m∙s−1] 
𝑉𝜃  Circumferential velocity [m∙s−1] 
𝑥  Axial coordinate [m] 

Greek 
𝛼  Yaw angle [°] 
𝛽  Pitch angle [°] 
𝜃  Circumferential coordinate [°] 
𝜌  Density [kg∙m−3] 
𝜎  Standard error [variable] 

Subscripts 
0 Total property  
c Value during calibration  
corr Temperature-corrected value  
𝑖, 𝑗  Indices  
m Measured value during experiments  
rake Ensemble average across the rake  
R56 Property as measured on R56 plane  
R57 Property as measured on R57 plane  
w Split-fiber sensor property (temperature)  

Acronyms 
CTA Constant Temperature Anemometry 
ECAT Engine Component Aero-Thermal (facility) 
NGV Nozzle Guide Vane 
TDC Top Dead Center 
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