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ABSTRACT 

This study presents experimental investigations of moment coefficients in an open rotor-

stator disc system by use of a novel thermoelectric sensor with a measurement area of 

approximately 1.2 mm². A test rig has been built that has the capability of reaching rotational 

Reynolds numbers representative for instance of a modern gas turbine. Measurements were 

carried out with a 0.5 m diameter rotor disc rotating up to 8500 rpm with a gap ratio between 

0.008 and 0.04 and a stator disc of the same diameter. 

The utilized sensor setup enables measurements at high centrifugal acceleration up to 

25500 g, which have already been tested in previous studies. The measuring method based on 

the over temperature or rise-temperature and adjustment method, which is applied locally. 

A thermal model is used to determine the thermal resistances and heat capacities of the 

substrate by measuring the over temperature and the electrically supplied heating power. The 

heat transfer coefficient at the heating area can also be determined via this model. The sensor 

calibration is done in a rectangular channel with fully developed flow and different over-

temperature values. These determined heat transfer coefficients can be transferred via a 

calibration relationship into wall shear stresses. Subsequently, the validations are performed 

on a flat plate in a wind tunnel with a well-known flow situation. The results are in very good 

agreement with known correlation out of the literature. 

Furthermore, radially wall shear stress distributions are measured on stator disc by using 

the calibrated sensors. Moment coefficients and averaged Nusselt numbers have been 

calculated from these measurements in the range between Reφ = 2.55∙105 and 3.48∙106. The 

obtained results are compared with known references for rotor stator systems. The moment 

coefficient on stator are considerably lower compared to the rotor disc. The averaged Nusselt 

numbers show a good agreement for the lowest investigated gap ratio on stator disc compared 

to literature data for enclosed rotor stator systems.  

 

KEYWORDS: thermoelectric sensor, open rotor-stator system, wall shear stress 

measurement, moment coefficient, heat transfer coefficient 

NOMENCLATURE 

a Thermal diffusivity [m²] k Thermal conductivity [W/mK] 

a2, A, B Calibration coefficients [-] l Sensor length [m] 

A0 Cross-section of heating element [m²] n Exponent [-] 

cf Dimensional friction value [-] Nul Local Nusselt number [-] 

cp Specific heat capacity [J/(kg*K)] Num Averaged Nusselt number [-] 

Cm Moment coefficient [-] p Pressure [Pa] 

G = s/R Gap ratio [-] Pth Thermal heating power [W] 

h Channel height [m] Pr = k/(ρcpν) Prandtl number [-] 
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INTRODUCTION 

Rotor stator systems are widely disseminated geometries in engineering machineries for example 

in gas turbine engine internal air systems, radial flow compressors, vehicle breaks and rotating heat 

exchangers. The work reported here presents the radial distribution of local wall shear stresses and 

moment coefficients in an open rotor-stator gap by measuring with an in-house developed 

thermoelectric sensor. All measurements have been carried out on the stator disc. Although many 

publications regarding rotor friction and heat transfer are available the stator has been minor 

experimentally investigated. Therefore, this experimental contribution aims to measure the wall shear 

stresses at defined radial points by a novel sensor concept and to determine moment coefficients CM 

dependent of dimensional gap ratio G = s/R and rotational Reynolds number Reφ = ωR2/υ. 

The flow structure as well as the heat transfer between a rotating and a stationary disc has already 

been investigated in many previous publications. The conditions for flow structure and convective 

heat transfer depend on the geometry of the test rig as well as the experimental conditions as described 

by Childs (2007), Coren et al. (2009), Debuchy et al. (2013), Dorfman (1963), Poncet et al. (2005) 

and Owen and Rogers (1989). These systems have a complex fluid structure and besides the Couette 

flow two typically flow patterns are characteristic. On the one hand the Batchelor and on the other 

the Stewartson flow. The Batchelor flow is characterized by a rotating fluid core between two separate 

rotor and stator velocity boundary layers. The rotational speed of the fluid core is nearly 40 % of the 

rotor speed. This flow structure is mainly observed in enclosed rotor stator systems with a 

recirculation area from the rotor to stator walls. In open rotor-stator systems mostly the core rotation 

tends to be mitigated or does not exist, and this type of flow is referred to as Stewartson flow. A 

boundary layer occurs only on rotor and the shear stress tends to zero on stator. Owen and 

Rogers (1989) exhibit that for small gap ratios G < 0.01 a viscous Couette flow region is created with 

high shear stresses which causes an increase of heat transfer. The Couette flow type is characterized 

with a linearly tangential velocity profile within the gap. 

Daily and Nece (1960) presented moment coefficients in an enclosed rotor-stator system without 

throughflow. They distinguish four flow regimes as a function of the gap ratio and the rotational 

Reynolds number. Regime I and III signify small gap ratios with merged rotor and stator boundary 

layers.  Regime I occurs at small Reφ with laminar flow and III at larger Reφ with turbulent flow. 

Regime II and IV stands for larger gap ratios with disjoined rotor and stator boundary layers. Regime 

II stands for small Reφ and IV for larger Reφ and they agree with the Batchelor flow. However, there 

are no exactly defined demarcations between each regime. Hu et al. (2017) extend the flow regime 

diagram by Daily and Nece (1960) with centripetal through-flow. 

Q Volume flow [m³/s] T1 Temperatur of thermistor [K] 

r Local radius [m] TF Fluid or air temperature [K] 

R Disc radius [m] Tq Torque [Nm] 

R0 Calibration Coefficient [-] Tw Wall or disc temperature 

Ra Working resistance [Ω] u Velocity [m/s] 

Rc Therm. resist. of insulation [K/W] w Width [m] 

Rth Electr. resistance of thermistor [Ω] x Length [m] 

Rz Surface roughness [µm] αs Heat transfer coef. [W/m²K] 

Rα Thermal resistance into fluid [K/W] Θ = T1-T0 Over-temperature 

Redh = ρudh/μ Hydraulic Reynolds-number [-] μ Dynamic viscosity [kg/ms] 

Rex = ρux/μ Local Re-Number [-] ν Kinematic viscosity [m²/s] 

Reφ = ρωR²/μ Rotational Reynolds-Number [-] ρ Density [kg/m³] 

s Distance rotor and stator [m] τw Wall shear stress [Pa] 

T Temperature [K] τφ Tangential shear stress [Pa] 

T0 Reference temperature [K] ω Angular speed of disc [1/s] 

T10 Starting temperature [K]   
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Pelle and Harmand (2007) study the convective heat transfer in an open rotor-stator system. The 

rotating fluid core is mostly diminished compared to enclosed systems and the Stewartson flow 

becomes dominant. The tangential velocity at the stator wall tends to zero with increasing gaps 

because the wall shear stress is decreasing. They propose a schematic representation regarding four 

flow regimes based on Daily and Nece (1960) depending of Reφ and G for open rotor-stator systems. 

 

MEASURING SETUP 

In this section a brief outline of the measuring method and the applied sensor is shown. The 

measuring concept based on the over-temperature and the adjustment method. A NTC thermistor with 

an electrical resistance Rth of approximately 10 kΩ at 25 °C is used. The utilized thermistors consist 

a cross-section of At = 1.2 mm² and is flush mounted into the surface. Furthermore, the thermistors 

are thermally insulated against the part by a substrate consisting of pertinax and glue. The calibration 

of the resistance vs. temperature was performed in a range between 15 °C and 120 °C by steps of 5 K 

using a WIKA temperature calibrator and a Keithley Model 2000 multimeter. The uncertainties of 

the temperature calibration and of the digital multimeter are, respectively, ±0.1 K and ±1 Ω in the 

100 kΩ range. The fit function used is the following: 

𝑇 = {
1

𝑇0
+

1

𝐵
[𝑙𝑛

𝑅𝑡ℎ

𝑅0
+ 𝑎2 (𝑙𝑛

𝑅𝑡ℎ

𝑅0
)

2

]}

−1

. (1) 

The coefficients B and a2 are obtained by curve fitting. The reference temperature T0 is 298.15 K and 

R0 is the electrical resistance at T0. 

Rth is part of a half bridge along with a constant resistor Ra, and the obtained signal is connected 

to an analog-digital converter (ADC). The sensors are operated at low heating power supplied by an 

adjustable bridge voltage. All measurements in this contribution consist a heating power of 

approximately 5.5 mW and a bridge operating voltage of 6.5V DC. Therefore, it is assumed that the 

thermal heating power has no effect on the fluid flow.  

The determination of thermal resistances into the fluid and substrate is made by a stationary 

thermal model with lumped parameters according to Figure 1(a) and Eq. (2). 

𝑃𝑡ℎ = 𝜃 (
1

𝑅𝛼
+ 

1

𝑅𝑐
) (2) 

Pth is the thermal heating power, Rc the thermal resistance into the substrate and θ is the over-

temperature. The thermal resistance into the fluid Rα is defined by: 

𝑅𝛼 =
1

𝐴𝑡𝛼𝑠
   , (3) 

where αS is the heat transfer coefficient (HTC) at the cross-sectional area At of the heating element. 

The thermal resistance Rc describes the heat conduction towards the substrate. It is determined under 

quiescent conditions with the assumption that αs = 0 (no free convection). Figure 1(b) shows the 

measured over-temperature curves under quiescent conditions and with overflow at 45 m/s. It is 

assumed that Rc is constant for all subsequently forced convection measurements. The thermistor 

starting temperature T10 is detected after the electrical compensation. The supplied heating power and 

the resulting temperature ramp are recorded until thermal equilibrium is reached. The over-

temperature Θ = T1 - T10 is taken from the stationary temperature T1 and starting temperature T10.  

Formerly experiments were successfully taken at a free rotating disc at up to a centrifugal 

acceleration of 25,500 g at sensor radius. These tests show the compatibility to a telemetric system 

and the robustness of the sensor for investigation at high centrifugal forces. The detailed description 

of the sensor setup and the tests were published in Uffrecht et al. (2012, 2015). 
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Figure 1(a): Thermal measurement circuit with heating power, thermal resistance Rα 

representing (HTC) and conductive resistance Rc modeling the losses towards the disk; (b): 

Thermal compensation curves of HTC in a quiescent environment and overflowed at a velocity 

of 45 m/s 

 

CALIBRATION METHOD 

Following are shown measurements according the transferability from local HTC αs to wall shear 

stresses τw. A comprehensive survey of wall shear stress measuring methods and its calibration is 

given by Naughton et al. (2002). Thermal electrical sensors that rely on wall shear stress exploit the 

dependence of heat transfer at heating element within the viscous velocity boundary layer. A 

relationship between the rate of the heat transfer from the element and the wall shear stress τw can 

derived as follows, e.g. Goldstein (1996): 

𝑁𝑢𝑙 =
𝛼𝑠𝑙 

𝑘
=  𝐴 (

  𝑙2 

µ 𝑎
𝜏𝑤)

𝑛

, (4) 

where l is the stream-wise length of the sensor, µ is the dynamic viscosity and a is the thermal 

diffusivity. The local HTC αs, as described in the prior section, is expressed as non-dimensional Nul- 

number where k is the thermal conductivity of the fluid. This relation, established as “classical theory” 

for n = 0.33 by Ludwieg (1950), applies only for specifically geometric dimensions and neglects the 

heat conduction into the substrate. 

Calibration in a rectangular channel flow with an adjustable height is conducted to achieve the 

correlation between wall shear stress and local HTC. The channel is made of an aluminium alloy, and 

the air flow is supplied by an in-house compressed air system. The test section has a length of 713 mm 

and a width of 760 mm. The channel height h is adjusted by shims initially. Afterwards, once a fully 

developed laminar flow exists, the channel height is calculated by measuring the volume flow Q and 

the stream-wise pressure drop dp by using a relationship for small gaps, Goldstein (1996): 

𝑄 =
ℎ³𝑤

12µ

𝑑𝑝

𝑑𝑥
 , (5) 

where w is the channel width, µ is the dynamic viscosity of the fluid, dp is the pressure drop, and dx 

the pressure tab spacing. The wall shear stress is calculated subsequently by using:  

𝜏𝑤 =
ℎ

2

𝑑𝑝

𝑑𝑥
 . (6) 
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Figure 2 (a) shows the measuring setup and 2 (b) the measured wall shear stresses as 

dimensionless friction drag coefficient cf = 2τw/(ρu²) versus Redh for channel flows. Mass flow is 

variated in the range of 0.012 and 0.1 kg/s, which corresponds to shear stresses of 0.47 Pa and 16 Pa 

respectively. The presented measurements have been done with a channel height of 2 mm and an 

uncertainty of ± 0,1 mm. The values are in good agreement with the laminar correlation until 

Re ≈ 3500 (dashed correlation line), considering measurement uncertainty. The transitional region is 

between 3500 < Redh  < 104. The solid line corresponds to the turbulent correlation validating for 

channel flows Redh > 104. These values yield the reference values for the calibration.  
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Fig. 2: (a) Scheme of wall shear stress measurement in a 2D channel flow according Eq. (6); (b) 

Dimensionless friction drag values versus Redh number for rectangular channel flow, measured 

values compared to laminar and turbulent correlation from Fox and McDonald (2011) 

 

Figure 3 (a) depicts exemplarily the functional relationship between the local HTC and wall shear 

stresses for one sensor, called S1. The coefficients are determined by a curve fit, see Eq. (4). The 

coefficient n = 0.31 fits almost to the “classical theory”. As long as the temperature boundary layer is 

still inside the viscous sublayer of the velocity, the assumptions of the “classical theory” are fulfilled 

for the validity of laminar and turbulent flow. 
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Figure 3: (a) Functional relationship between local HTC αs and wall shear stress τw according 

Eq. (4); (b) Wall shear stresses are determined by measuring HTC versus local Rex-number 

compared to the turbulent flat plate correlation according Eq. (7) 
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VALIDATION 

In this section the validation of the sensors is done at a forced convection flow at a flat plate. 

Measurements are conducted in a wind tunnel with a low turbulence free jet, see Figure 4. The 

examination of the free jet quality and details of the test rig design are discussed more detailed in 

Uffrecht et al. (2012). A plate is attached perpendicular to the exit plane of the nozzle to generate a 

forced convection at the flat plate setup. A trip wire is fixed at the leading edge to ensure fully 

turbulent flow. The sensors are positioned at x = 0.281m downstream of the leading edge of the plate. 

Jet velocity is varied between 15 and 45 m/s and measured using a Pitot-probe. 

The results of the wall shear stresses are depicted versus local Rex for three sensors S1 … S3 in 

Figure 3 (b). The wall shear stresses are obtained by measuring αs and using the calibration function 

according Eq. (4). The black solid line indicates the correlation for a turbulent flat plate by Oertel 

jr. (2010)  

𝑐𝑓 =
2𝜏𝑤

𝜌 𝑢²
= 0.058 (

𝑢 𝑥 

𝜈
)

−0.2

, (7) 

where ρ is the density of the fluid. Rex = ux/ν is the local Reynolds-number which is composed of free 

jet velocity u, the sensor position x and kinematic viscosity ν. The wall shear stresses show a good 

agreement with the correlation and the uncertainties of the validity are within 5 % for all sensors. 

 
Figure 4: Validation setup of a flat plate with flush mounted sensor  

 

EXPERIMENTAL APPARATUS 

A test rig has been built which consists of a smooth rotating as well as a stationary disc. This rig 

enables investigations regarding heat transfer and flow structure in open as well as enclosed rotor-

stator systems. The entire experimental apparatus is set up vertically according Figure 5 and located 

in a sufficiently large and closed room. The rotating disc is driven via a mounted shaft by a 

synchronous belt and an asynchronous motor with frequency converter for the control of revolving 

speed. The rotational speed is measured by an optical reflection sensor. The entire powertrain is 

mounted on a machine frame. The rotor disc is made of an aluminium alloy (material.no. 3.4365) and 

has a diameter of 500 mm as well as a thickness of 22 mm. An accelerometer monitors the vibration 

speed of the rig and is positioned perpendicular to the shaft axis. The vibration speed is bounded to 

10 mm/s via an emergency shutdown. Throughout the whole measuring procedure, the vibration 

speed was lower than 1 mm/s. 

In front of the rotor disc is mounted a stationary disc of the same diameter at a vertically adjustment 

device. This device allows the adjustment of the gap continuously by 4 threaded spindles. 

Furthermore, the coaxiality and the parallelism between rotor and stator disc can be adjusted with it. 

The setting is done through different levels which are biased by springs. The stator consists also of 
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an aluminium alloy and has a thickness of 12 mm. The surface roughness was measured by a mobile 

Mahr Marsuf PS10 instrument and Rz is below 1.6 µm. The overtemperature sensors are flush 

mounted into the disc on the flow side and radially distributed at different positions. 

       
Figure 5: Experimental apparatus 

 

RESULTS 

A first set of measurements were carried out with rotational speeds of 600, 1500, 3400, 6500, and 

8500 rpm as well as three distances between rotor and stator of 2, 5, and 10 mm. These values 

according to rotational Reynolds numbers of 2.55∙105, 6.14∙105, 1.39∙106, 2.66∙106, and 3.48∙106 as 

well as gap ratios of 0.008, 0.02, and 0.04. Therefore, the conducted measurements for G = 0.008 and 

0.02 correspond to regime III and for G = 0.04 correspond to regime IV as defined in Daily and 

Nece (1960) as well as Pelle and Harmand (2007). Regime III represents the turbulent flow situation 

with merged velocity boundary layers and regime IV with disjoined boundary layers. 

In Figure 6 are depicted local wall shear stresses on stator disc over the radial position for different 

gap ratios G and different Reφ. The sensors are instrumented at radii of 72, 93, 114, 184, 205, and 

226 mm according Figure 5. The shear stresses increase over the radius for all measured points. At 

the inner radii the shear stresses are significantly lower than at the outer radii. This is caused by the 

tangential velocity which increase with increasing radius. Howey (2010) investigated numerically 

wall shear stresses on stator and obtained similar distributions. Thereby, the total shear stress is 

dominated by the tangential velocity component. The radial component can be neglected. Shear 

stresses at stator are less compared to the rotor ones.  

The shear stresses differ less on the inner radii for different gap ratios than on the outer ones. At 

the inner radii, the shear stresses for the gap ratios 0.02 and 0.04 distinguish slightly. The values are 

higher at the smallest investigated gap ratio of 0.008 and the differences increase with Reϕ. At the 

outer radii the wall shear stresses increase with rising rotational speeds and decreasing gap ratios. 

The viscous friction at the rotor surface caused a torque as a result of the tangential shear stress τW 

and is given by: 

𝑇𝑞 = ʃ 2𝜋𝜏φ𝑟2𝑑𝑟    . (Eq.8) 

1. stator adjustment device 

2. stator disc 

3. sensors 

4. rotor disc 

5. shaft 

6. bearings 

7. drive belt 

8. motor 

9. machine frame 



8 

 

0.05 0.10 0.15 0.20 0.25

0.0

0.5

1.0

1.5

2.0

0.05 0.10 0.15 0.20 0.25

0

2

4

6

8

10

12

14

16

18

r [m] r [m] r [m]

tj [N/m²]

 G = 0.008   G = 0.02     G = 0.04

tj [N/m²] tj [N/m²]

0.05 0.10 0.15 0.20 0.25

0
2
4
6
8

10
12
14
16
18
20
22Rej = 6.14·105 Rej = 2.66·106

Rej = 3.48·106

Figure 6: Radially wall shear stress distributions for Reφ = 6.14∙105, 2.66∙106 and 3.48∙106 on 

stator disc 
 

Following, this torque is transferred to the stator disc. The wall shear stress functions are determined 

according Figure 6 by curve fitting of 3rd degree polynomial. The moment coefficient is defined as 

𝐶𝑚 =
𝑇𝑞

0.5 𝜌𝜔2𝑅5
    .        (Eq.9) 

Figure 7 (a) shows the calculated stator moment coefficients compared with enclosed rotor stator 

correlations by Daily and Nece (1960) for one rotating disc side Cm = 0.04(s/R)-1/6Reφ
-1/4

 (regime III) 

and Cm = 0.051(s/R)0.1Reφ
-0.2 (regime IV). The comparison here is done due the lack of literature data 

of moment coefficients on stator disc. It can be observed, that the determined stator values are lower 

for all investigated gaps compared to the rotor side. Debuchy et al. (2013) have deduced the tangential 

velocity gradient within the rotor boundary layer is greater than on the stator side. Therefore, reduced 

velocity gradients lead to lower wall shear stresses and moment coefficients.  

Moment coefficients can be converted into averaged Nusselt numbers by using the Reynolds 

analogy for rotating systems according  

𝑁𝑢𝑚 = 𝑃𝑟 ∙
𝑅𝑒φ ∙ 𝐶𝑚

𝜋
     . (Eq.10) 

Pr is the Prandtl number and can be obtained by fluid properties. It describes the ratio of thermal and 

velocity boundary layer thicknesses.  

In Figure 7 (b) are plotted the averaged Nusselt numbers determined from the moment coefficients 

by using Eq. (10). These values are compared with correlations on stator disc for enclosed rotor stator 

systems obtained from measurements by Howey (2010). These correlations are valid for Reφ 

 ≥ 5.19∙105. It can be seen, that the values match the correlation very well for the smallest gap ratio 

of 0.008. Owen and Rogers (1989) deduced from his results that for low gap ratios of G < 0.01 a 

viscous Couette flow exists with large shear stresses. The boundary layers are merged, and the 

tangential velocity profile occurs linearly between rotor and stator. The characteristic of this type of 

flow appears independently in open and enclosed systems because the influence of the shroud 

compared to the rotor and stator surface could be neglected. With increasing gap ratio G ≥ 0.02 the 

Nusselt numbers are less compared to the correlations. Howey (2010) showed that for gap ratios of  
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Figure 7: (a) Comparison between measured stator moment coefficients and rotor disc 

correlations in enclosed systems by Daily and Nece (1960); (b) Comparison between averaged 

stator Nusselt numbers and stator correlations in enclosed systems by Howey (2010)  

 

0.01 < G < 0.06 in enclosed systems, there are two boundary layers on rotor and stator separated by 

a rotating fluid core (Batchelor flow). The measurements here have been done in an open system. The 

rotating fluid core is diminished or disappeared, and the flow structure tends to Stewartson flow with 

very low shear stresses on stator. Therefore, the stator Nusselt numbers are much less in open systems 

compared to enclosed systems at high gap ratios. 

 

SUMMARY AND OUTLOOK 

This paper presented measurements of local wall shear stresses by using a novel sensor setup in 

an open rotor stator system. The sensor based on the overtemperature and the adjustment method. 

Formerly investigations had shown the compatibility to a telemetry system and the applicability with 

moving parts at high centrifugal forces. The sensors were calibrated in a rectangular channel and 

successfully validated at a flat plate with forced convection flow. The uncertainties of the sensor 

validation are below 5%. 

Furthermore, a new test rig was designed and introduced to investigate heat transfer and flow 

structure in open rotor-stator systems. Local wall shear stress distributions were measured over the 

radius for rotational speeds up to 8500 rpm at three different gap ratios of 0.008, 0.02 and 0.04. All 

measurements were done on stator disc and the system is not subject to any superimposed radial flow. 

Comparisons of moment coefficients were shown with known correlations out of the literature for 

rotor discs in open systems. All investigated moment coefficients are lower on stator compared to 

rotor disc. Additionally, Nusselt numbers were calculated by using Reynolds analogy and compared 

with literature data. The ascertained measurement values match the data very well for the lowest gap 

ratio of 0.008. The Nusselt numbers for gap ratios of 0.02 and 0.04 are lower compared to rotor side.  

The aim for future work is to expand the experimental matrix for open and enclosed systems and 

to measure flow velocities in the clearance in order to study the flow structure and heat transfer. 

Instrumentation further heat transfer measurement methods is possible on stator as well as rotor disc. 
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