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ABSTRACT 

The unsteady flow field of a representative fan stage was measured by DLR using hot-wire 

anemometry. The hot-wire measuring technique allows to determine unsteady flow structures (e.g. 

the wake of each individual rotor blade). The phase-resolved mean flow velocities as well as the 

fluctuation components values of the velocity were determined, which then led to the computation 

of the local turbulence distribution in the flow field. The measurements were performed at different 

axial positions up- and downstream of the fan. The calculated local turbulence distribution of the 

flow downstream of the rotating blades shows an increase of the turbulence intensity from about 

0.8% to 3% outside of the wake to about 4% up to 24 % in the wake flow depending on the 

operating point. The measured data also gives a good impression of the mixing process of the wakes 

with increasing axial distance downstream of the rotor. 
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INTENSITY 

NOMENCLATURE 

ANu, BNu, nNu Calibration constants for Reynolds-Nusselt-Calibration 

d    Hot-wire diameter 

E     Measured voltage 

Ew     Wire voltage from the Wheatstone bridge 

l     Hot-wire sensor length 

Nu     Nusselt- number  

Pos0  measurement plane upstream of Rotor 

Pos1, Pos2, Pos3 Measurement plane downstream of Rotor 

R    Resistance of cold / ambient wire sensor 

Rw    Resistance of the heated hot-wire sensor 

Re    Reynolds- number 

Trec    Recovery temperature  

Tf     Film temperature  

Tt    Total temperature 

Tw    Temperature of the heated wire  

U     Axial component of velocity 

U*    Velocity due to rotation and radius 
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Ueff  =Uk  Effective cooling velocity, normal to sensor wire 

Umean  Mean velocity of the U component. 

V    Radial component of velocity 

W    Circumferential component of velocity 

W*    In and out coming velocity relative to blade system 

C    Meridional component velocity 

Ucirc  Circumferential velocity at blade tip 

α, β  Angles of sensor wires, relative to probe axis 

    Fluid density  

    Thermal conductivity  

    Fluid viscosity  

Φ    Yaw angle of hot-wire probe, aligned to the assumed outflow angle. 

Θ    Circumferential traverse position relative to TDC 

ABBREVIATIONS 

OGV  Outlet guide vanes 

TDC  Top dead center 

TNBB  EU-Project TurboNoiseBB from the Horizon 2020 programme 

SLS  Fan working line notation for “sea level static” 

 

INTRODUCTION 

The unsteady flow field up- and downstream of the fan of a representative fan stage was 

measured by DLR using hot-wire anemometry. With this measuring technique, unsteady flow 

structures (e.g. the wake of each individual rotor blade) can be measured. In previous publications, 

DLR presented the results of hot-wire measurements of a Counter Rotating Turbo Fan (CRTF) [1], 

[2], [3] and a Direct Driven Turbo Fan (DDTF) [5]. DLR has also designed, tested and analysed an 

Ultra High Bypass Fan (UHBR). In 2013, DLR presented time resolved pressure and velocity 

measurements of this UHBR fan in comparison with simulation data [4]. The new measurements 

were performed inside Europe’s largest anechoic chamber, the Universal Fan Facility for Acoustics 

(UFFA), operated by AneCom AeroTest (ACAT) in Wildau. The test took place within the European 

TurboNoiseBB project. The objective in the work package of the program is to establish an 

experimental database for a state of the art fan by performing rig tests, which then enables the 

detailed characterization of the fan broadband noise generation mechanisms and constitutes a basis 

to validate prediction tools. The periodic changes of the flow velocity and the characteristics of the 

flow turbulence directly affect the efficiency and the flow acoustics of a turbofan engine. The focus 

of the hot-wire measurements was on the flow field in the interstage section between the fan and the 

outlet guiding vanes (OGV). The measurements were performed at different axial positions up- and 

downstream of the fan and were taken at selected operating points on two working lines including 

approach, cut-back and side-line flight conditions. 

Data gathered at the upstream position of the rotor provide information on the inflow 

conditions, e.g. boundary layer and turbulence statistics. Another three measurement planes were 

placed downstream of the rotor and provide insight of rotor wakes as well as turbulent statistics. 

The instantaneous signal for all three velocity components has been determined in the investigated 

measurement planes. By applying an adaptive resampling and a phase locked averaging analysis, 

the phase-resolved mean flow velocity as well as the fluctuation components and RMS (Root Mean 

Square) values of the velocity have been determined. Subsequently, the local turbulence distribution 

in the flow field was determined. The data will be used by the TNBB partners for the validation of 

numerical flow calculations (CFD) and numerical acoustic simulations (CAA). 
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Figure 2: DLR- hot-wire probes 

with two wires. 

TEST SETUP 

The fan tests were performed in the Universal Fan Facility for Acoustic (UFFA). The Large 

Scale Fan Rig (LSFR) is located in a large anechoic chamber of 29.5x36 m, which allows noise and 

performance tests on the same test bed. The hot-wire probes were placed upstream and downstream 

of the rotor to measure instantaneous velocities and to analyse of the turbulent flow. The UFFA rig 

allows for testing of fan sizes up to 865 mm diameter with a maximum rig speed of 10’000 rpm. 

The power rating of the electrical drive is 18 MW. In all cases the Turbulence Control Screen (TCS) 

was installed. The bypass ratio of the 1/3-scale model of the fan (called ACAT Rotor R1) is  8.5 

with a total pressure ration of 1.42 and relative tip Mach number M=1.2 at cruise condition. The 

rotor had 20 blades and the OGV was in a rearward position with 44 vanes (Figure 1). In the 

position Pos0 upstream of the rotor two hot-wire probes were installed. The probe which measured 

the axial (U) and circumferential (W) component was adjusted in a fixed radial position, 50 mm 

from outer casing. The second probe measured the axial (U) and radial (V) component and was 

mounted on a radial traverse. To investigate the flow changes in axial direction, hot-wire probes 

were placed at three different axial positions (Pos1, Pos2, Pos3) downstream of the rotor. In these 

measurement planes a radial traverse was used for each hot-wire. The immersion depth was varied 

from the outer casing down to hub, thus giving between 15 and 33 radial positions depending on the 

measurement plane (see Figure 1). 

 

 

 

DLR HOT-WIRE ANEMOMETRY 

The DLR hot-wire measurement system is based on a Constant Temperature Anemometry 

(CTA). The technique utilizes the cooling effect of a flow on a heated thin wire. The wire (i.e. wire 

resistance Rw) is connected to one leg of a Wheatstone bridge and heated by an electrical current. A 

servo amplifier keeps the bridge balanced by controlling the current through the sensor. This way, 

the resistance - and hence the temperature - is kept constant, independent of the heat exchange with 

cooling imposed by the fluid. A overheat ratio of 1.8 is normally used. The full frequency response 

of the used hot-wires and the CTA bridge is between 19 kHz to 21kHz, depending on wire diameter 

and cable length. The bridge voltage EW is related to the heat transfer and is thus a direct - but non-

linear - measure of the velocity at a point [7], [8]. It provides continuous velocity time series, which 

can be processed into amplitude and time-domain statistics. Examples are mean velocity, turbulence 

intensity, auto-correlations and power spectra. The DLR hot-wire probes have two tungsten wire 

sensors, 2.8 mm long and either 9 or 12.5 μm in diameter, each mounted on two needle-shaped 

prongs (Figure 2). The wires of the hot-wire probes cover a measuring volume of 1x2x2mm which 

defines the spatial resolution. This allows the measurement of two velocity components (axial and 

radial or axial and circumferential) at each probe position. 

  

 
Figure 1: Fan stage and hot-wire traverse locations 

Pos0, Pos1, Pos2 and Pos3. 
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Hot-Wire Calibration 

Prior to the actual rig test, a calibration of the hot-wire probes is performed with a small 

calibration device, driven by compressed air. It is essential for precise results that the hot-wire 

anemometer is fully adjusted and the measurement chain is not disconnected until the rig test is 

finished. The use of a calibration device is recommended. The probes should be placed in the 

measuring section immediately after calibration, but without disconnecting the cables and 

connections. If cables were to be disconnected the previously performed anemometer setup is no 

longer correct and can lead to deviations. If for some reasons the calibration device is not applicable 

(cables have to be disconnected in order to install the probes into the test section) a different 

approach is possible. In this case the probes are calibrated "In-Rig", i.e. in the channel or test 

section and during the measurements. For this method it is necessary to know the mean flow 

velocity as well as the temperature and the static pressure at the 

current hot-wire position. To minimize the temperature, static 

pressure and Mach-number dependence, the hot-wire 

calibration was evaluated using dimensionless Reynolds- and 

Nusselt-number [7, 8] instead of voltage and velocity. One can 

then calculate the Nusselt- and Reynolds- numbers for 

different operating points and derive the corresponding 

calibration coefficients (Figure 3). These flow parameters have 

to be provided by the rig operator. The Nusselt number Nu is 

calculated by the wire voltage EW from the Wheatstone bridge, 

the resistance RW, and the temperature TW of the heated hot-

wire. In the Nu-number also the local recovery temperature 

Trec, the wire length l and the thermal conductivity λ are 

considered. Therefore, the recovery temperature Trec has to be 

measured during the test. With the fit function of the 

appropriate calibration, the Reynolds-number can be calculated 

and converted into the cooling velocity Ueff of each wire 

sensor. The Reynolds-number is determined with the diameter 

d of the hot-wire, the cooling velocity Ueff of each wire, the air 

density ρ and the viscosity µ. 

𝑁𝑢 =
𝐸𝑤

2

𝑅𝑤∗𝜋∗𝑙∗𝜆∗(𝑇𝑊−𝑇𝑟𝑒𝑐)
 ; 𝑅𝑒 =

𝑈𝑒𝑓𝑓∗𝜌∗𝑑

𝜇
     ;      𝜇, 𝜌, 𝜆 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 (𝑇) 

In previous studies the best results were obtained by using the film temperature Tf (average of 

the static temperature T and the heated wire temperature Tw) for the determination of the fluid 

properties density ρ and viscosity μ. To determine the density the pressure has to be measured 

during the test. During the hot-wire measurement the data acquisition records in parallel the signals 

of the aero probes (Pt, Ps, Tt) in each measurement plane. The uncertainty of the velocity 

determination is mainly affected by the uncertainty of the temperature and static pressure 

measurements. Inaccurate temperature and pressure measurements can yield up to 5-10% error in 

speed determination via hot-wire measurements. To minimize that uncertainty one has to measure in 

parallel the mean speed with a pressure probe and compares the value with the averaged mean 

speed of the hot-wire measurements. This allows the determination of a correction, which reduced 

the speed uncertainty normally to less than ±2%. We're making the assumption that the mean 

resulting velocity from the pressure probe and the mean resulting velocity from the hot-wire should 

be the same. If there is a difference or an offset in the values determined from the hot-wire, then we 

assume that the assumptions for the temperature was not correct and we add iteratively a DT in the 

calculation. This is repeated until the average speed error is less than 2%. For our overheat ratio a 

DT of 3°K results in ~3% changes in the resulting speed.   

𝑅𝑒 = [
(𝑁𝑢 − 𝐴𝑁𝑢)

𝐵𝑁𝑢
]

1
𝑛𝑁𝑢

 

 

 

↓ 

 
↓ 

↓ 

         𝑈𝑒𝑓𝑓 = 𝑅𝑒 ∗
𝜇

𝜌∗𝑑
 

 

Figure 3: Hot-wire calibration 

via dimensionless Reynolds- 

and Nusselt- number. 

𝑁𝑢 = 𝐴𝑁𝑢 + 𝐵𝑁𝑢 ∗ 𝑅𝑒𝑛𝑁𝑢 
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Analysis Procedure 

The hot-wire measurement technique is quite complex in application and post processing. The 

following Figure 4 shows the essential parts of the post-processing procedure. 

During the test, the wire voltage EW of the Wheatstone measurement bridge was measured and 

recorded with the DLR data acquisition. The sampling rate of the data acquisition is 192 kHz with a 

24 bit resolution. This ensures a sufficient number of points per blade pitch up to the highest fan 

speed. The measured raw data of the hot-wire sensors are transformed into the effective cooling 

velocities Ueff , using the calibration coefficients. With the geometry parameters of the hot-wire 

(angle of each wire sensor, relative to the probe axis) the X-probe correlations calculates the two 

flow velocities in the probe coordinate system (Figure 5). 

Behind the rotor, two X-wire probes were installed at the same axial but different 

circumferential position. The type A probe measures the axial and radial velocity, the probe of type 

B measures the axial and circumferential velocity. In case of a yaw angle Φ of the hot-wire probes 

the probe velocities have to be transformed to engine coordinates. The transformation into the 

machine coordinate system results in a third (circumferential) component for the probe of type A. 

Figure 6 shows the triangulation of flow velocities and the position of the probes. The determination 

of the phase-resolved mean velocities and the turbulence levels requires a resampling and a phase-

locked averaging technique based on a detailed rotor trigger analysis (1/rev) in order to account for 

small rotor-speed variations over the period of data sampling. To minimize the influence of the 

missing third component, which is especially important for the probe that resolves the axial and 

radial flow component, both hot-wire probes are yawed with a yaw angle Φ to measure the velocity 

vector C1 (see Figure 6).  

  

Figure 4: Analysis procedures of the hot-wire post processing. 

                         
Figure 5: Conversion of cooling velocity into probe coordinates (right picture from [6]). 
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All time series determined for the two individual probes are corrected for rotational speed 

variations by resampling.  Now each rotation has constant sample number. Since the flow field of 

the rotor rotates one after the other passing both probes, the following assumption can be made. The 

mean velocities of each probe are corrected afterwards with the phase shifted third component of 

the other hot-wire respectively. The time signals of both probes are virtually shifted to the same 

position by a phase-shift. The evaluation of the measured wire (bridge) voltages Ew and thus the 

measured effective cooling speeds is then carried out in the context of a virtual four-wire probe, so 

that all 4 wire signals are used to determine the three-dimensional velocity vector [9,10,7]. This 

correction is repeated by multiple iterations until the deviations are small. This gives the three 

dimensional velocity vectors at any given point and provides continuous velocity time series in 

engine coordinates UVW. The fluctuation component is determined by the following equation. The 

phase-resolved mean value is subtracted from the resampled velocity. 

𝑈′(𝑡) =  𝑈(𝑡) − �̅�𝑝ℎ𝑎𝑠𝑒(𝑡)  

HOT-WIRE MEASUREMENT RESULTS 

The flow losses behind a blade can be characterized by the magnitude of the velocity deficit. If 

the wake flow of the rotor reaches the downstream OGV, a strong aero acoustic interaction occurs. 

Noise sources are generated which have a tonal as well as a broadband effect. The shape of the 

wake flow (e.g. depth and width) together with the flow turbulence has a significant effect on the 

noise generation mechanisms. With the hot-wire measuring technique, both the velocity flow 

components and the turbulence characteristics upstream and downstream of the rotor were 

determined. In this paper some selected results of the TNBB hot-wire measurement campaign are 

presented.  

Turbulence intensities of the inflow 

Based on the unsteady flow velocities, the turbulent intensity was calculated. The turbulent 

intensity can be determined by the RMS value of the signal or by the energy of the associated 

spectrum (power spectral density). Based on the Parseval’s theorem, this gives the same results. The 

spectrum calculation makes it easier apply high and low pass filters. The results reported here are 

high-pass filtered at 5.9 Hz and low-pass filtered at 48 kHz. A digital “zero-phase” filter was used, 

 
Figure 6: Hot-wire probe arrangement and triangulation of flow velocities. 
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which ensures that the phase is retained and not distorted. The high-pass filter is used to filter low-

frequency disturbances in the signal, although the influence of those disturbances is negligible in 

these data sets of Pos0. However, due to the used data acquisition system, the signals have to be 

low-pass filtered at 48 kHz. To obtain a value for the turbulent intensity, the contained energy of the 

power density spectra were normalized with the local axial velocity �̅�mean of each measurement 

point. Analogous to the velocity components, the turbulence intensity can be determined in the three 

spatial directions: axial, radial and circumferential. The highest values of about 6% can be found 

close to the outer casing in the boundary layer. It decreases towards the middle of the channel. 

Outside of the boundary layer at 50% shaft speed the turbulent intensity for the axial component (U) 

is in the range of 0.28 - 0.32%, the radial (V-) component in the range of 0.25 - 0.4% and the 

circumferential (W-) component  in the range of 0.42 - 0.48%. The turbulent length scale has been 

determined with a reference turbulent von Karman spectrum which was fitted over the measured 

spectra. The turbulent length scales of the inflow vary from 40mm for 50% speed to 10mm at 90% 

speed. 

 

Contour plots of the phase-resolved mean flow velocity results 

During the measurements, a trigger signal from the rotor shaft was recorded together with the 

hot-wire signals which ensured an exact allocation of each wake to the corresponding blade of the 

rotor. Figure 7 shows on the left side the ensemble mean averaged velocity �̅�phase downstream of the 

rotor. Downstream of each blade of the rotor, a velocity deficit (wake flow) of 14 to 42%, due to 

flow losses, can be observed. At mid-stream these losses are dominated by the blade-profile losses. 

Close to the outer casing, additional losses due to the leakage flow of the blade-tip gap can be seen. 

The remaining two plots in Figure 7 are showing the other velocity components (radial V and 

circumferential W) of the calculated flow field downstream of the rotor. The radial components V is 

relatively low in magnitude but the influence of each individual rotor blade is visible. The 

component W has an exit swirl in the direction of the rotation, which is slightly decreased close to 

the outer casing.  

 

Mean axial velocity U at axial Pos1, Pos2 and Pos3 

To investigate the flow changes in axial direction, hot-wire probes were placed at three different 

axial positions at 33% (Pos1), 133% (Pos2) and 174.3% (Pos3) true chord downstream of the rotor. 

Figure 8 shows the streamwise evolution of the axial flow component at 50% fan speed. The radial 

position is at 52% bypass channel height (based on Pos2). The blue curve shows the instantaneous 

signal of one whole revolution, whilst the red curve shows the ensemble-mean results over all 

recorded revolutions. The turbulent mixing process is clearly visible. In Pos1 rotor wakes are 

distinct and very pronounced. They are narrow with a strong velocity deficit inside the wake.  

 
Figure 7: Mean flow velocity components downstream of the rotor (Pos1) correlated with the 

rotor revolution counter; (50% fan speed, SLS working line); Axial component (left), Radial 

component V (middle) and circumferential component W (right) 
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The ensemble-mean shows varying wake depths for the different rotor blades. The averaged 

values show a very homogeneous behaviour. For the averaged values, the minimum velocity in the 

wake of each blade is about 68 m/s which is about 61% of the mean flow U≈110 m/s outside of the 

wake. For the instantaneous velocity this deficit varies in the range of 40% to 73% of the mean flow 

U from the outside of the wake. Further downstream in Pos2 velocities have been decreased with 

the wakes being wider and more shallow. In addition to that the different rotor wakes appear to look 

the same due to the turbulent mixing process. In Pos3 the velocities decreased once again, with all 

the wakes looking alike. The instantaneous signal at this position exhibits a larger fluctuation, 

suggesting some sort of vibration either due to the probe holder or the hot-wire itself.  

Turbulence intensity at axial Pos1, Pos2 and Pos3 

The impact to the turbulence intensity can be seen in the next figure. The highest turbulence 

intensity levels TuU can be found in Pos1 (Figure 10). The turbulence intensity is once again 

normalised with the local axial mean flow velocity �̅�mean. Between two blades of the rotor the level 

is rather low (0.8-3%). Inside of the wake of each blade, the turbulence intensity increases to 6%-

10% near the hub and 18-24% near the outer casing. With increasing distance from the trailing edge 

of the rotor the turbulence intensity levels are getting more equalized with higher values at the outer 

casing and lower values near the hub. The maximum turbulence level TuU in the wake of each 

individual blade varies from 10 to 24%. As a possible reason for the deviation in the particular wake 

losses between the blades, small deviations in the blade geometry are assumed. With increasing 

distance from the trailing edge of the blade, the radial distribution of the wakes is more twisted but 

the wakes are also becoming more equalized. 

 

 
Figure 8: Axial flow component in machine system at a constant radial position of 52% 

channel height and various axial positions. (50% fan speed, SLS WL). 

Blue:  Instantaneous signal;  Red: Ensemble mean  

Pos1 

Pos2 

Pos3 
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Turbulence intensity for different fan speeds 

Figure 10 shows the turbulence distributions for different speeds at the SLS working line for 

Pos1. For higher fan speeds (80% and 90%), the magnitude of the wake is reduced considerably 

since the fan blades were designed for cruise condition. At 80% in Pos1 the maximum turbulence 

intensity in the wake is about 6-10%. Higher values are found near the blade tip region at the outer 

casing. At 90% fan speeds, the hot-wire data was disturbed slightly by vibrations of the probe and 

the probe support. Therefore some interference can be seen in the contour plots, which is especially 

true for the 90% fan speed case. The maximum turbulence in the wakes for 90% fan speed is about 

9-10%. Outside of the wake values of about 4% can be found. At the SLS working line, the flow 

situation is almost optimized and the turbulence levels are relatively low.  

CONCLUSIONS 

Hot-wire measurements have been performed and analysed for a representative rig fan. The 

focus of the hot-wire measurements was on the flow field in the interstage section between the fan 

and the outlet guiding vanes (OGV). The measurements were performed at different axial positions 

up- and downstream of the fan and were taken at selected operating points on the SLS working line. 

With the DLR hot-wire measuring technique, unsteady flow structures (e.g. the wake of each 

individual rotor blade) were measured and analysed in detail. The phase-resolved mean velocities as 

well as the fluctuation components were determined and the local turbulence distribution was 

discussed for various axial and radial positions downstream of the rotor. The calculated local 

turbulence distribution of the flow downstream of the rotating blades shows a turbulence intensity 

from about 0.8% to 3% outside of the wake, and to about 4% up to 24 % in the wake, depending on 

the operating point. The variation of the axial position downstream of the rotor clearly shows the 

mixing process of the rotor blade wakes. 
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Figure 9: Turbulence intensity in Pos1 at 

different fan speeds; SLS-working line 

(Please note the different scaling) 

 

 

 

   

Figure 10: Turbulence intensity  

at different axial distances behind the rotor;  

50% fan speed, SLS working line 

(Please note the different scaling) 

The maximum immersion depth of the 

hot-wire traverses was in the 80% and 

90% case limited due to vibration 

restrictions, so that the flow at the hub 

was not measured. 


