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ABSTRACT  
Targeting the flow characteristics for the aircraft engine turbine rotor-stator cavity，a high speed rotor-stator cavity 

with axial throughflow was investigated experimentally. The influences of rotation speed and inlet mass flow on pressure 
characteristics, windage heating and swirl characteristics were studied mainly at different rotational speed ranges from 0 to 
9000rpm and different mass flow rate ranges from 0.05kg/s to 0.15kg/s. An experiment technique that relative temperature 
was obtained by measuring absolute parameters in stator was tested as well. The experiment results show that rotational 
speed and inlet mass flow are main parameters which determine flow characteristics in rotor-stator cavity. The effect of 
centrifugal boosting, windage heating, and swirl characteristics rise with the increase of rotational speed. The maximum 
value of centrifugal boosting is 1kpa, windage heating is 26K, and swirl ratio is 0.36. Increasing rotational speed will lead 
to the opposite effect. When air flow is in state of heat balance, relative total temperature and adiabatic temperature can be 
obtained by measuring absolute temperature and swirl ratio at same radius. The maximum deviation is below 1K. 
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INTRODUCTION 
With the continuous increase of temperature at turbine inlet, the performance of aircraft engine has developed 

rapidly. However, the increasing temperature brings new challenges to the strength of the turbine discs and cooling 
efficiency of the turbine blades. The rotational disk cavity system, which is shown in Figure.1, is usually recognized as the 
most important and basic structure in the secondary air system of the gas turbine engine. 

 

Figure 1 Schematic Diagram of Rotating Disk Cavity System 
Various theoretical researches have been conducted before reliable experimental technology and numerical 

investigations. Batchelor et al. (1951) and Stewartson et al. (1953) proposed two different flow structures in a rotor-stator 
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disk cavity respectively. Batchelor thought a core region where the fluid flow circumferentially exists in a rotor-stator 
disk cavity. But Stewartson found that the tangential velocity of fluid can be zero apart from the boundary layer near the 
rotor. The Reynolds analogy theory was successfully applied to the heat transfer research in a rotor-stator disk cavity by 
Owen et al. (1971). Polkowski et al (1980) derived the convective heat transfer coefficient on the rotor surface with the 
same method. With the improvement of experimental measurement technique, it is easier to conduct the experiment. 
Owen and Haynes (1975, 1979) experimentally investigated the flow and heat transfer characteristics in a rotor-stator 
disk cavity with throughflow for the rotational speed up to 4000 rpm. In this research, the convective heat transfer 
coefficient was obtained by the thermocouples embedded in the disk surface. Roy et al. (2001) studied the heat transfer in 
a rotor-stator disk cavity with rotational Reynolds number from 4.65×105 to 8.6×105 by using a quasi-steady 
thermochromic liquid crystal technique. An empirical correlation was suggested for the local Nusselt number on the rotor 
surface. The local convective heat transfer coefficient in a open rotor-stator disk cavity system with rotational Reynolds 
number from 2×104 to 5.16×105 was acquired from a experimental research conducted by Pelle and Harmand (2009). 
Luo et al. (2014) found the existence of three different flow regimes in a rotor-stator disk cavity with air inlet at low 
radius. But the highest rotational speed in the experiment can only reach 2500rpm. Quan et al. (2018) experimentally 
investigated the heat transfer in a multi-stage rotating disk cavity. It can be found that the Coriolis force and the 
centrifugal buoyancy force are main influence factors. Long et al. (2012) reported an experimental investigation of 
windage in an enclosed rotor-stator disk cavity with rotational Reynolds number below 1.68×106. The effects of bolts 
mounted on the rotor surface were considered. Zhang et al. (2014, 2015) investigated the windage effects and friction 
torque performance for a rotor-stator system. Some empirical correlations taking into account the turbulent parameter 
were proposed to predict the dimensionless temperature rise and moment coefficient. Lock et al. (2003, 2004) described 
how thermochromic liquid crystal technique was used in measuring heat transfer characteristics in a pre-swirl 
rotating-disc system. Yu et al. (2009) applied particle image velocimetry(PIV) to exhibit the flow structure and velocity 
distribution in a rotating cavity with a radial inflow. 

Computational fluid dynamics(CFD) technology was also used to conduct numerical simulations on flow and heat 
transfer for the rotor-stator disk cavity. Beretta and Malfa (2003) showed the numerical results on mechanical power 
dissipation and velocity field in a rotor-stator arrangement. A 3-D CFD computations using a RNG k-εturbulence model 
was carried out by Owen et al (2007) The computed radial distribution of fluid circumferential velocity agrees reasonably 
well with measured values in the experiment. Poncet and Schietel (2007) investigated the effects of rotation on the heat 
transfer in an enclosed rotor-stator disk cavity with heated shroud. Quan et al (2021) studied numerically the flow and 
heat transfer for a rotor-stator systems in a micro turbine engine The radius of rotor is only 4mm and the rotational speed 
can be 1×106 rpm. Likewise, much numerical works has also been conducted to provide reference for the design of 
rotor-stator disk cavity in the aircraft engine by Liao (2015), Kleiner (2018) and Ding (2012). 

Although the rotor-stator disk cavity structure has been widely researched, most experimental results were obtained 
with the rotational speed below 3000rpm. However, the speed of rotating disk can reach into 16000rpm in the actual 
aircraft engine. For the purpose of studying the flow characteristic in a high speed rotor-stator disk cavity, a test rig was 
designed and installed in the present study. With the rig, some flow performance parameters such as centrifugal boost, 
windage heating, swirl ratio and relative total temperature, were measured at different rotational speed and mass flow rate. 
These results can be beneficial to the optimization design of a rotor-stator disk cavity. 

EXPERIMENTAL APPARATUS AND MEASUREMENTS 
Experimental Model 

The rotor-stator disk cavity structure in the aircraft engine can be simplified and the simplified models consist of 2D 
and 3D model are shown in Figure. 2. The geometry of the rotor-stator disk cavity investigated in the present study is 
shown in the 2D model of Figure. 2(b). The main geometric parameters are defined and given as follows. The rotor radius 
b is 250mm. The width of cavity 1S  is 20mm. The outlet gap 2S  is 2mm and the radius of inlet inr  is 50mm. The test rig 
was designed based on the experimental model. 

 
 



 

  

(a) 3-D Model (b) 2-D Model 
Figure 2 Simplified Model of Rotating Disk Cavity System 

Experimental Apparatus 
Figure. 3 shows a schematic diagram of the whole experimental system. Air was provided by the compressor with 

maximum continuous flow up to 0.5kg/s. After passing the air tank, the airflow was transported to test section. The 
electric pressure control valves upstream of the test section and that downstream of the test section are combined to 
adjust the mass flow rate of airflow across the test section. Before the airflow entered into test section, it was metered by 
four high-precision orifice flow meters of different diameters with a maximum uncertainty of ±1% of the current reading. 
The orifice flow meters were calibrated critically. A high-speed electrical motor was used to drive the rotor directly and 
the highest rotational speed can reach into 10000rpm. The corresponding lubrication and cooling system was designed to 
make it run safely and stably. The experimental data were collected by computer. 

 

Figure 3 Schematic Diagram of The Whole Experimental System 
Figure. 4 demonstrates the detail view on the high speed rotor-stator disk cavity test rig. A cantilevered structure 

that the rotating disk was fixed at one end of the axis was used for the accurate measurement of mass flow rate across the 
test section. The rotor, which was made by titanium alloy TC4, and the stator form the windward surface disk cavity. 
Meanwhile, the rotor and the exhaust casing form the leeward surface disk cavity. The labyrinth was set on the top of the 
rotor in order to reduce the airflow through the leeward surface disk cavity. The shroud in the rotor was designed to make 
the experimental model closer to real structure of enclosed rotor-stator disk cavity in the aircraft engine and increase the 
swirl flow in the windward surface disk cavity. The airflow entered into the disk cavity axially and then discharged 
through the outlet in exhaust casing. Besides, the converge structure was designed in the inlet section to improve the 

 
 



 

airflow uniformity. The stations A, B and a to e were positions of measuring points. 

 
Figure 4 Test Rig of High Speed Rotor-Stator Disk Cavity 

Parameters Definition and Measurement 
The stations A, B in Figure. 4 were defined as system inlet and system outlet. The static pressures and total 

temperatures of stations A, B were measured. In the experiment, the total temperature of station A is measured by bare 
thermocouples and because the velocity at system inlet is quite low, the difference between the inlet total temperature and 
the measured recover temperature can be ignored. Figure. 5 shows the distribution of measuring points in the rotor-stator 
cavity. Because the rotor and airflow both rotate, the temperature measured in the rotor is relative temperature. As shown 
in Figure. 5, the relative total temperature measuring points were set in five different radial positions (station a to station 
e) in the rotor. The radius of station a is 131.5mm and the radius of station e is 240mm. The radii of the remaining three 
measuring points are given with the principle that ring area was equal. Two measuring points were arranged in the same 
radial position. The absolute parameters including total temperature, static pressure and total pressure of airflow were 
measured in the stator where the radii of measuring points are corresponding to that in the rotor. And total temperature 
probes were used to acquire the total temperatures. 

 
Figure 5 The Distribution of Measuring Points 

A diagram of the experimental instrumentations is shown in Figure. 6. The measurements are divided into rotating 
part and static part. In static part, total pressure probes aligned with the circumferential direction were used to measure 
the total pressure and the static pressure taps were used to obtain the static pressure on the stator. The pressure parameters 
were collected by a PSI9116 pressure scanner with 16 channels and an accuracy of ±0.05% of full scale reading. The full 
scale of the pressure scanner is 100kpa (gauge pressure). Hence, the maximum measurement error of the pressure value is 
0.05kpa. The temperature measurement system consisting of the total temperature probes and a PSI9046 temperature 
scanner were employed with an accuracy ± 0.5K. The temperatures can be measured from 273.15K-373.15K. For the 
rotating part, the relative total temperatures were measured by bare wire K-type thermocouples embedded in the disk. 
The temperatures data were collected by data recorder, which is rotating in the experiment.  

 
 



 

 
Figure 6 Brief Diagram of Experimental Instrumentations 

The data recorder is the most important instrument in the measurement of relative total temperatures. As shown in 
Figure. 7, the data recorder and rotor were placed in different sides of the shaft respectively. The inside of the shaft is 
hollow and some holes are installed for transmission of measurement signal. A thermal insulation panel was designed to 
prevent the heat created by the rotor. The digital signal in data recorder was transported to a computer through a USB 
port when the test rig stops working. To avoid electromagnetic interference in the lab, the data recorder is installed with 
metal casing and containing independent batteries. 

 
Figure 7 The Measurement of Rotation Parameters 

Some parameters are defined in the present study. The flowing Reynolds number is defined in Eq. (1): 

 
µ

ρ bvinRe =  （1） 

The rotating Reynolds number, which can represent the flow state of airflow boundary layer, is given in Eq. (2): 
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The rotating Mach number, which is often ignored in the previous studies, is a very critical dimensionless number 
and can represent the compressibility of airflow in high speed rotor-stator disk cavity. It can be written by: 
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In the above equations, inv  is velocity of inlet airflow and b is maximum radius of rotor. ω  is angular velocity of 
rotor. Tin is the static temperature of inlet airflow. γ  is the ratio of specific heats and gR  is specific gas constant. 

The static pressure distribution in the rotor-stator disk cavity can be described by the centrifugal boost. The 

 
 



 

centrifugal boost can be expressed as: 
 eppp −=∆ x  （4） 

In Eq. (4), xp  is the static pressure value in different radial positions except station e. ep  is static pressure value 
of station e(r=240mm), which is chosen as baseline value. The analysis method for static pressure data was conducted to 
remove the influences of pressure change in inlet and outlet caused by different experimental conditions. 

 The windage heating in the experiment can be defined as:  

 ∗∗ −=∆ ine TTT  （5） 

Where ∗
eT  is the total temperature of airflow in station e (r=240mm), ∗

inT  is the total temperature of airflow in 

station A (system inlet). ∗
eT  was selected to replace the total temperature of airflow in outlet of whole rotor-stator disk 

cavity. This is because the existence of the shroud restricts the installation of the total temperature probes. 
Swirl ratio can be used to describe the swirl characteristic in the rotor-stator disk cavity. It can be defined as follow: 
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Where ϕv  is the local circumferential velocity of airflow, rω  is the local linear velocity of disc. 

The definition of relative total temperature is given in Eq.7.  
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Where rv  is the local radial velocity of airflow, zv  is the local axial velocity of airflow. 
As mentioned above, the relative total temperature was measured by bare wire K-type thermocouples embedded in 

the disk. Hence, the measured relative total temperatures at different radial locations are recover temperatures and must 
be corrected. The recover temperature can be written by: 
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thR  is the recovery factor of bare wire thermocouple. In fact, the recovery factor should also be considered for 
measurements of absolute total temperature. To correct measurements of temperature, it is necessary to obtain the 
variation of total temperature recovery factor. The variations of temperature recovery factors with relative flow velocity 
for the bare wire thermocouple and total temperature probe are shown in Figure. 8. In Figure.8 , the temperature recovery 
factor of a bare thermocouple changes a little with the relative flow velocity and is stable at about 0.7. The temperature 
recover factor for a total temperature probe increases from about 0.7 at velocity of 80 m/s to almost 0.96 at velocity of 
280 m/s. It should be pointed that the experimental results of temperature in the present study are all corrected by taking 
account of the temperature recover factor. 

 

Figure 8 The Distribution of Total Temperature Recovery Factors 

 
 



 

EXPERIMENTAL RESULTS 
The operating rotational speed can be up to 9000rpm and the inlet mass flow is with the range of 0.05kg/s-0.15kg/s. 

The dimensionless parameters range tested in the experiment was: 

0≤ ϕeR ≤3.8×106; 3450≤Re≤10350; 0≤ ϕaM ≤0.68 

Static Pressure Distribution 
The variation of centrifugal boost with non-dimensional radius at different rotational speed and a given mass flow 

rate ( skgm /05.0in = ) is plotted in Figure. 9(a). As shown in Figure. 9(a), the absolute value of p∆  decrease with 
increased non-dimensional radius. According to the definition of the centrifugal boost, the static pressure rise along the 
radial direction. It can be seen that when the rotational speed is 9000rpm, the highest value of centrifugal boost in the 
rotor-stator disk cavity is about 1kpa, while this value could be less than 0.1kpa when the rotational speed is 3000rpm. 
The comparison results suggest that effect of centrifugal boost is significantly greater under the condition of high 
rotational speed. And when the rotational speed is low, this effect seems so weak. 

When the inlet mass flow rate is constant, as the rotational speed continues to increase, the circumferential velocity 
of airflow in the whole rotor-stator disk cavity increases accordingly, which will lead to a higher pressure gradient in the 
radial direction to balance the centrifugal force caused by this high circumferential velocity of airflow. Hence, the effect of 
centrifugal boost becomes more and more significant with increasing rotational speed. 

The variation of centrifugal boost with inlet mass flow rate at different rotational speed is plotted in Figure. 9(b). 
Note, the value of centrifugal boost in this figure is all the pressure difference between the highest radius measuring point 
(r=240mm) and the lowest radius measuring point (r=131.5mm). It is obvious that the increasing inlet mass flow rate has 
little effect on the centrifugal boosting effect at low rotational speed. The value of centrifugal boost keeps constant when 
the rotational speed is 3000rpm. However, the inlet mass flow rate has a remarkable impact on at high rotational speed. 
Especially at 9000rpm, when the inlet mass flow rate varies from 0.05kg/s to 0.15kg/s, the value of centrifugal boost 
decreases from 1kpa to 0.2kpa,which reduce by 80%.  

Contrary to the effect of rotational speed, the increasing mass flow rate will increase inertial force of airflow and 
decrease the circumferential velocity of airflow. Hence, the effect of centrifugal boost weakens with increasing mass flow 
rate when the rotational speed is constant.  

 
(a) Influence of Rotational Speed on Centrifugal Boost    

 
 



 

 

(b) Influence of Inlet Mass Flow Rate on Centrifugal Boost 
Figure 9 The distribution of static pressure in the rotor-stator disk cavity 

Windage Heating 
In this section, the results of windage heating are presented for different rotational speeds and mass flow rates. The 

variation of windage heating with rotational speed at different mass flow rates is illustrated in Figure. 10(a) It can be 
found that the windage heating of whole rotor-stator disk cavity increases as the rotational speed increases. In addition, it 
is worthy noted that higher rotational speed brings more evident temperature rise. When n=9000rpm, skgm /05.0in = , 
the largest temperature rise measuring in the experiment can reach about 24K. But this temperature rise is below 2K 
when n=3000rpm. The viscous work generated by the rotor would increase with the increasing rotational speed, which 
make the windage heating rise. And the temperature rise of the airflow can affect the heat transfer characteristics in the 
rotor-stator disk cavity. 

Also, the increment of mass flow rate will lead to a decrease in the temperature rise, which is shown in Figure 10(b). 
When n=9000rpm, the inlet mass flow rate varies from 0.05kg/s to 0.15kg/s, the windage heating drops from 25K to 10K. 
Besides, the increasing of the inlet mass flow rate has a weaker effect on the windage heating at lower rotational speed. 
Compared with the variation of the windage heating with the inlet mass flow rate at n=9000rpm, the windage heating 
only drops by 4K at n=6000rpm. As stated above, the constant rotational speed means constant viscous work. Hence, the 
increasing airflow in the rotor-stator disk cavity turns to be more and more difficult to be driven when the inlet mass flow 
rate is unchanging, which lead a decreasing windage heating. In conclusion, the higher rotational speed and the 
increasing mass flow rate play the opposite roles. Thus, the distribution of windage heating with the rotational speed and 
the mass flow rate is different. 

 

 
(a) Influence of rotational speed on windage heating   

 
 



 

 
(b) Influence of Inlet Mass Flow Rate on Windage Heating 

Figure 10 The Distribution of Windage Heating in The Rotor-Stator Disk Cavity 
Swirl Flowing 

The swirl characteristic plays an important role in flow characteristics in the rotor-stator disk cavity. Stronger swirl 
flow will result in less viscous work as well as lower relative total temperature, which will affect the temperature 
distribution of airflow and the heat transfer characteristic. The swirl ratios measured at four different radii are plotted in 
Figure. 11(a) and Figure. 11(b) for the experimental condition 0<n<9000rpm, 0.05kg/s≤ inm ≤ 0.15kg/s. In Fig. 11(a), 
the swirl ratio shows an increase with increasing rotational speed when the inlet mass flow rate is 0.05kg/s. The largest 
value of the swirl ratio can reach to 0.35 at n=9000rpm, r=240mm. Also shown in Figure. 11(a), there is almost no swirl 
flow at low radius of the disk cavity when rotational speed is too low. When n=3000rpm, the swirl ratio is 0.17 at 
r=240mm and when n=6000rpm, the swirl ratio is 0.07 at r=166.3mm. This phenomenon suggests that rotating effect has 
a clear impact on the flow field distribution and core region area increases with the increasing rotational speed. 

However, the swirl ratio decreases with increasing inlet mass flow rate, which can be found in Figure. 11(b). The 
variation of swirl ratio between Figure. 11(a) and Figure. 11(b) indicates that the swirl ratio would increase with radius 
increasing in the rotor-stator disk cavity for a given rotational speed and inlet mass flow rate. 

 

(a) Influence of Rotational Speed on Swirl Ratio 

 
 



 

 
(b) Influence of Inlet Mass Flow Rate on Swirl Ratio 

Figure.11 The Distribution of Swirl Flow in The Rotor-Stator Disk Cavity 
Relative Total Temperature 

Figure.12(a) and Figure. 12(b) show the variations of relative total temperature rise with the rotational speed and 
inlet mass flow rate at r=195mm, 220mm and 240mm. In Figure. 12(a), the relative total temperature rise is increased 

with the increasing rotational speed for a given inlet mass flow rate. When skgm /05.0in =  and rotational speed 

varies from 6000rpm to 9000rpm, the relative total temperature rise is increased from 9.6K to 28.9K. For a constant inlet 
mass flow rate, increase of the rotational speed means the viscous work increase, which leads to that the static 
temperature of airflow rises accordingly. Meanwhile, the relative velocity of airflow increases due to the increase of 
rotational speed, although the swirl ratios increase with rotational speed. This will make relative dynamic temperature 
rise. Based on Eq.(8), these two factors would both contribute to the significant rise of the relative total temperature. 

As shown in Figure. 12(b), the relative total temperature rise decreases slightly with the increasing inlet mass flow 

rate at n=9000rpm and it keeps almost constant with the range of 0.12kg/s≤ inm ≤ 0.15kg/s. Compared with the results 

of windage heating in Figure. 10(b), the drop of the relative total temperature rise seems too little. When n=9000rpm and 
inlet mass flow rate varies from 0.05kg/s to 0.15kg/s, the relative total temperature rise is decreased from 28.9K to 26.7K, 
which only reduces 2.2K.However, this value is 15K for the windage heating. 

Influences of the inlet mass flow rate on the relative total temperature rise are more complicated than that of 
rotational speed. Increase of the inlet mass flow rate causes two opposite temperature trends. It could reduce the static 
temperature of airflow but benefit the relative dynamic temperature rise. The static temperature of airflow drops more at 

the range of 0.05kg/s≤ inm ≤ 0.12kg/s but the magnitudes of static temperature drop and relative dynamic temperature 

rise are equal when the inlet mass flow rate varies from 0.12kg/s to 0.15kg/s. 

 
 



 

 
(a) Influence of Rotational Speed on Relative Total Temperature 

 
(b) Influence of Rotational Speed On Relative Total Temperature 

Figure 12 The Distribution of Relative Total Temperature In The Rotor-Stator Disk Cavity 
Since the relative total temperatures were measuring by bare wire K-type thermocouples embedded in the disk, this 

experimental technique still brings difficulties to the installation of measuring points in the rotor and the acquisition of 
relative total temperature data. Thus, it is essential to develop a new experimental method that the relative total 
temperatures can be obtained by measuring absolute parameters. 

The circumferential velocity of airflow, ϕv , in Eq. (8) can be replaced by swirl ratio, β .The relative total 

temperature can be expressed as follows: 

                                  pC
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Where ∗T  is absolute total temperature, β  is swirl ratio and ω  is angular velocity, so the relative total 
temperature at a certain radius can be acquired by measuring ∗T , β and ω  corresponding to this radius. The relative 
total temperatures measured by bare wire K-type thermocouples embedded in the disk are called direct measurement 
relative total temperatures and those obtained by Eq. (9) are called indirect measurement relative total temperatures. 

The comparison results between direct measurement and indirect measurement of the relative total temperatures are 
shown in Figure. 13 in the form of temperature rise for a given inlet mass flow rate ( skgm /1.0in = ). In Figure. 13, rotor 

represents direct measurement and stator represents indirect measurement. Agreements between direct measurement and 

 
 



 

indirect measurement are reasonably good at r=195mm, r=220mm and r=240mm. The maximum deviation is below 1K. 
The comparison results indicates that indirect measurement method for relative total temperatures is available. 

 

Figure 13 The Comparison for Relative Total Temperature Between Direct Measurement  
And Indirect Measurement 

CONCLUSIONS 
In the current study, the static pressure distribution, windage heating, swirl flow and relative total temperature were 

investigated experimentally under different rotational speeds ranges from 0 to 9000rpm and different inlet mass flow rate 
ranges from 0.05kg/s to 0.15kg/s. The conclusions can be drawn as follows: 

(1)The swirl effect caused by the high rotational speed rotor and the inertial effect caused by inlet mass flow rate are 
main factors affecting the pressure distribution, windage heating, swirl characteristics and relative total temperature in the 
rotor-stator disk cavity. 

(2)Increasing the rotational speed leads to an increase in the centrifugal boost, swirl ratio, windage heating and 
relative total temperature rise. When n=9000rpm and skgm /05.0in = , the largest static pressure increase is 1kpa,the 
largest swirl ratio is 0.35 and the largest experimental temperature rise reaches about 28.9K. 

(3)Compared to the influences of rotational speed, increasing the inlet mass flow rate leads to a reduction in the 
centrifugal boost, swirl ratio, windage heating and relative total temperature rise. When the inlet mass flow rate doubled, 
the centrifugal boost reduces 80%, the swirl ratio reduces 60% and the windage heating reduces 40%. 

(4)The experimental technology that relative total temperatures can be obtained by measuring absolute parameters 
was verified and it is proved to be reliable. The maximum deviation is below 1K. 
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