

  energies-12-02917




energies-12-02917







Energies 2019, 12(15), 2917; doi:10.3390/en12152917




Article



Axial Thrust, Disk Frictional Losses, and Heat Transfer in a Gas Turbine Disk Cavity



Bo Hu 1,2[image: Orcid], Xuesong Li 1[image: Orcid], Yanxia Fu 3, Chunwei Gu 1, Xiaodong Ren 1,*[image: Orcid] and Jiaxing Lu 1,4,*





1



Department of Energy and Power Engineering, Tsinghua University, Beijing 100084, China






2



Department of Mechanical Engineering, University of Duisburg-Essen, 47057 Duisburg, Germany






3



School of Energy and Power Engineering, Jiangsu University, Zhenjiang 212013, China






4



Key Laboratory of Fluid and Power Machinery, Xihua University, Ministry of Education, Chengdu 610039, China









*



Correspondence: rxd@mail.tsinghua.edu.cn (X.R.); jiaxinglu@mail.xhu.edu.cn (J.L.)







Received: 26 June 2019 / Accepted: 26 July 2019 / Published: 29 July 2019



Abstract

:

The gas turbine is a kind of high-power and high-performance energy machine. Currently, it is a hot issue to improve the efficiency of the gas turbines by reducing the amount of secondary air used in the disk cavity. The precondition is to understand the effects of the through-flow rate on the axial thrust, the disk frictional losses, and the characteristics of heat transfer under various experimental conditions. In this paper, experiments are conducted to analyze the characteristics of flow and heat transfer. To ensure the safe operation of the gas turbine, the pressure distribution and the axial thrust are measured for various experimental conditions. The axial thrust coefficient is found to decrease as the rotational speed and the through-flow rate increases. By torque measurements, the amounts of the moment coefficient drop as the rotational speed increases while increase with through-flow rate. In order to better analyze the temperature field within the cavity, both the local and the average Nusselt number are investigated with the help of thermochromic liquid crystal technique. Four correlations for the local Nusselt number are determined according to the amounts of a through-flow coefficient. The results in this study can help the designers to better design the secondary air system in a gas turbine.
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1. Introduction


Gas turbines are widely used in the fields of aircraft propulsion and power generation. They play a significant role in the civil economy and national defense. The disk cavity, shown in Figure 1, is a complicated structure of the secondary air system in a gas turbine. It is the wheel space between the rotating disk and the stationary casing. In the disk cavity, the rotating disk is routinely used over a long time to distribute the cold air and prevent the ingress of the hot gas into the cavity through the rim seal. According to the experience of the authors’ group, the amount of secondary air used in the disk cavity comprises around 6% of the mass flow at the compressor inlet [1]. Since it is quite difficult to further improve the efficiency of the compressor stages, it is a promising way to increase the efficiency of a gas turbine by reducing the amount of cooling and sealing air. It requires insight into the pressure distribution, the axial thrust, the disk frictional losses, and the temperature field at each working condition. The foundation and the premise are to investigate the flow and the heat transfer within the basic rotor-stator cavity model (see Figure 1). The flow is firstly extracted from the compressor stages and pumped into the disk cavity. Then it moves radially outwards and cools down both the disk and the wall. Finally, it enters the turbine cascade and prevents the hot gas from entering the cavity. In this study, the receiver holes in the turbine disk are not discussed.



In a rotor-stator cavity, the radial distributions of pressure p are extensively investigated and reported by a lot of researchers. Taking the pressure at the radial position x=1 (non-dimensional radial coordinate x=rb) as the reference pressure, the pressure coefficient Cp then is defined in Equation (1) [2,3,4]. As understood, the pressure distributions are primarily influenced by the geometry of the side chamber, the speed of rotation n and Cw [5].


Cp=p*(x=1)−p*(x)  ;   p*=pρ·Ω2·b2



(1)




where p* is the non-dimensional pressure, ρ is the density of the fluid (kg/m3), Ω is the angular velocity of the disk (rad/s).



The well-known correlation which associates the pressure with the core swirl ratio K is written in Equation (3) [4,5].


∂p∂r=ρ·K2·Ω2·r



(2)




where K is the core swirl ratio.



The parameter K, defined in Equation (3), is the ratio of the angular velocity of the fluid at half of the axial gap width ζ=0.5 to that of the disk.


K=ΩfΩ at ζ=0.5   ;  ζ=zs



(3)




where Ωf is the angular velocity of the fluid, ζ is the non-dimensional axial coordinate.



In the disk cavity, there are three flow types (Stewartson type, Batchelor type, and Couette type), based on which the amounts of K are calculated. Owen and Rogers [4] distinguished the Batchelor type flow based on the turbulent flow parameter λt, defined in Equation (4). The parameter λt weighs the relative strength of the viscous and the inertial force of the through-flow.


λt=CwRe0.8  ;  Cw=m˙μ·b  ;  Re=Ω·b2ν



(4)




where λt is the turbulent flow parameter, Cw is the through-flow coefficient, Re is the global circumferential Reynolds number, m˙ is the mass flow rate (kg/s), μ is the dynamic viscosity (N·s/m2), ν is the kinematic viscosity (m2/s).



Poncet et al. [5,6] distinguished between the Stewartson type flow and the Batchelor type flow according to the values of the local flow rate coefficient Cqr, written in Equation (5). Will et al. [7,8] associated the radial pressure distributions with both the tangential and the radial velocities for either Batchelor type or Couette type flow. By numerical simulations, Hu et al. [9,10] determined part of the boundaries between the Batchelor type flow and the Couette type flow in a rotor-stator cavity with through-flow. Debuchy et al. [11] investigated the flow behavior of the Batchelor type flow. They stated that the flow in the rotor boundary layer was assumed to behave as expressed by Owen and Rogers [4] in the case of a turbulent flow on a rotating single disk. On the stator side, a necessary compensation flow rate must take place according to the conservation of mass. It was found that this compensation flow rate could not be estimated with a good accuracy using the hypotheses of a stationary disc in a rotating fluid in [4].


Cqr=Qt·Reφ0.22·π·Ω·r3  ;  Reφ=Ω·r2v



(5)




where Qt is the volumetric flow rate (m3/s), Reφ is the local circumferential Reynolds number.



The demands for the safe operation and long service life require the precise prediction on the axial thrust. By force measurements, Bo Hu et al. [9,10] determined some empirical correlations of the axial thrust coefficient CF, defined in Equation (6), in the side chambers of centrifugal pumps. Kurokawa et al. [12,13] studied the variations of CF in the casing of a radial flow turbomachine with leakage flow. They stated that there was a positive correlation between CF and the angular momentum at the inlet. The values of CF showed little change when the inlet angular momentum of the leakage flow is a constant. The disadvantage of the correlations is that they are only valid for G= {0.018, 0.036, 0.054, 0.072} in [9,10] and G= {0.024, 0.048, 0.097} in [12,13]. The parameter G is the non-dimensional axial gap width, defined in Equation (7). Currently, the results of CF are far from enough to be used to determine a more extensive empirical correlation.


CF=∫0b2·π·(pb−p)·rdrρ·Ω2·b4



(6)




where pb is the pressure at the outer radius of the disk (Pa), p is the pressure (Pa).




G=sb



(7)





In a rotor-stator cavity, reducing the amounts of the disk frictional losses is always one of the hot focuses in the researches, which are aimed to improve the efficiency. The moment coefficient CM is defined in Equation (8). Owen et al. [4] found the relationship between CM and λt. Hu et al. [9,10] extended part of the Daily&Nece Diagram into three dimensions with a third axis of Cw. They also organized two empirical correlations of CM for the two turbulent flow regimes (turbulent flow with either small or large axial gap width). Kurokawa et al. [12,13] experimentally investigated the disk frictional losses and found that the disk frictional torque showed little change with a fixed inlet angular momentum. Wang et al. [14] conducted a combined energy loss model to lower the disk frictional losses in the side cavity of a centrifugal pump. They found that the interstage leakage loss was converted by the disk frictional loss, while the volumetric leakage loss was negatively correlated with the disk frictional loss.


CM=2·|M|ρ·Ω2·b5



(8)




where M is the frictional torque on a single surface (Nm).



The investigations on the characteristics of heat transfer is one of the key factors to precisely predict the temperature field within the cavity and the fatigue strength of the components. A lot of studies were conducted introducing the experimental technique and numerical simulations in the past. With remote infrared sensors, Metzger et al. [15] measured the radial distributions of the local heat transfer coefficient h, defined in Equation (9). According to their results, the heat transfer can be enhanced when the parameters, such as Re, Cw, and G, are synthetically optimized. Metzger et al. [16] determined a correlation, which enabled to estimate the amounts of h with the help of the transient TLC (thermochromic liquid crystal) technique. Taler et al. [17,18] conducted a detailed derivation of the correlation. Taler et al. [18] also discussed other transient inverse methods for determining the amounts of q (heat flux) and h. Metzger’s research group [16,19,20] and Luo et al. [21] used the transient TLC technique to measure the radial distributions of h. Poncet et al. [22] performed the numerical investigations of the flow and the heat transfer inside a rotor-stator cavity. The results from the established Reynolds stress model agreed well with the experimental results.


h=−q(Taw−Tw)  ;  Taw=T∞+rrec·u∞22·l  ;  rrec≈Pr0.5  ;  Pr=μ·lk



(9)




where q is the heat flux (W/m2), Taw is the adiabatic wall temperature (K), Tw is the surface temperature (K), T∞ is the temperature of the mainstream at ζ=0.5 (K), rrec is the recovery factor, u∞ is the velocity of the mainstream at ζ=0.5 (m/s), l is the specific heat at constant pressure (J/(kg·K), Pr is the Prandtl number, k is the thermal conductivity (W/(m·K)).



The average convective heat transfer coefficient have on the disk surface is computed as


have=∫rcb2hrdrb2−rc2



(10)




where rc is the inner radius where the measurements of h start.



The heat transfer coefficient can be transformed to the non-dimensional form, namely the Nusselt number. The local Nusselt number Nur and the average Nusselt number Nuave are defined in Equation (11). Tuliszka-Sznitko et al. [23] and Majchrowski et al. [24] performed the large-eddy simulation for the distributions of Nur, along both the stator and the rotor. Liao et al. [25] determined a series of correlations of Nur. They put forward that ln(Nur) was approximately linear with the increase of ln(Reφ). Luo et al. [21] found that the amounts of Nuave should be predicted according to the flow sections in the disk cavity. Lin [1] stated that both the flow in the boundary layer and the heat conductivity in the disk should be considered to estimate the values of Nuave.




Nur=h·rk  ;  Nuave=b·∫rcb2hrdrk(b2−rc2)



(11)





Although a lot of studies have been conducted, both the flow and the heat transfer are not discussed synthetically in the disk cavity. In addition, when the rotational speed of the shaft changes, the effects of the through-flow rate on the above parameters are still insufficiently studied. To reduce the amount of secondary air, which is extracted from the compressor, this paper is aimed to provide some results on how the parameters such as Cp, CF, CM, Nur, and Nuave change at different experimental conditions. The obtained results can help the designers to reduce the amount of air used in the disk cavity reasonably.




2. Experimental Set-Ups


2.1. Designs of the Test Rigs


The measurements are conducted with two test rigs. The first one, noted as SRSCA, is used to perform the measurements of the pressure, the axial thrust, and the disk frictional losses. A sketch of the longitudinal section of it is depicted in Figure 2a [9,10]. A centrifugal pump system is used to supply the water to the test rig. The speeds of rotation are changed with the help of a frequency converter. The measurements of pressure are performed by means of seven pressure tubes on the stator along the radius. There are three tension-compression sensors to measure the axial thrust. A torque meter is installed between the shaft and the electric motor to measure the torque. A detailed introduction of the test rig SRSCA and the experimental methods are introduced in [9,10]. Unlike previous studies, the value of G is 0.1, which is consistent with the geometry of a gas turbine disk cavity, instead of 0.018, 0.036, 0.054, and 0.072 in [9,10]. The geometry of the second test rig for the measurements of h, noted as SRSCB, is shown in Figure 2b. The front cover is made of plexiglas. The experimental fluid is air. Before entering the rotor-stator cavity, the air is heated in a mesh heater. The temperature rise of 40 K to 60 K in the disk cavity takes less than 100 s. A transient method using TLC is applied for the measurements of h. The target disk is firstly painted black and then sprayed with the SPN100R35C1W type TLC in a fan shape region with an angle of 60°. To calculate the Nusselt number, the thermal conductivity of air is calculated according to the temperature [26] in the mainstream (the parameter k is considered as a fixed value every 1 mm). To measure the temperature of the mainstream (T∞), six K-type thermocouples are installed, which are distributed along the radius at x={0.4, 0.52, 0.64, 0.76, 0.86, 0.96} [1]. The least-square method is used to fit the measured T∞ into the proper T∞−x curve under each experimental condition. There is a photoelectric switch to trigger the CCD camera. Since no step change in the mainstream occurs, a series of small step superposition is adopted to approximate the curve of the temperature rise in the mainstream. According to the discoloration time of the TLC, the radial distributions of h, therefore, are estimated with Equation (12) [16]. The detailed descriptions of the test rig SRSCB and the measuring method of h are referred to [1]. The main parameters of the test rigs are listed in Table 1.


Tw−Ti=∑j=1n[1−e(h2·α·(t−tj)k2)·erfc(h·α·(t−tj)k)]·[ΔT∞(j,j−1)]



(12)




where Ti is the initial temperature on the disk surface (K), t is the time (s), α is the thermal diffusivity (m2/s).




2.2. Experimental Conditions


Since the geometries of the two test rigs are different, it is quite important to ensure that the two key parameters, namely λt and G, are equal from the two test rigs at each measured experimental condition. The approach we use is to make sure the values of Re, G, and Cw are equal at each experimental condition. For the test rig SRSCB, the value of Re reaches 1.106×106 at n=2500 rpm. To obtain the same value of Re, the speed of rotation of the test rig SRSCA is 800 rpm. The maximum speeds of rotation for SRSCA and SRSCB in this study are therefore 800 rpm and 2500 rpm. To obtain the same amounts of Cw, the values of m˙ under each experimental condition, listed in Table 2, are calculated with Equation (13). The flow rate is adjusted by a throttle valve and measured by a flowmeter in each test rig. The parameter ς, defined in Equation (14), is the ratio of the current rotational speed to the maximum speed of rotation of each test rig. The experiments are not conducted under the condition Cw=0 with the test rig SRSCB.


m˙=μ·b·Cw



(13)






ς=nnmax



(14)




where nmax is the maximum speed of rotation for each test rig.




2.3. Uncertainty Analysis


The measured range of the pressure transducer is up to 2.5 bar (absolute pressure). The measured range of the thrust transducers and the torque meter are −100 N~100 N and 0 Nm~10 Nm. The parameter ranges of the output voltage signals are as follows: from 0 V to 10 V for both the pressure transducer and the torque meter, while from −10 V to 10 V for the axial thrust transducer. The absolute accuracy of the data acquisition system is 4.28 mV. The relative error of the pressure transducer, the torque transducer, and the axial thrust transducer are 1% (FS), 0.1% (FS), and 0.5% (FS), respectively. The uncertainties of the measured results are calculated with the root sum squared method. Each result of Cp (defined in Equation (1)), CF, and CM is the average value of 1000 samples. The distributions of the results are considered as the normal distributions, whose distribution coefficient is 1.96 (95% confidence level). The uncertainties of the measured pressure, axial thrust, and frictional torque are 40.4 (Pa), 0.024 (N), and 3 ×10−4 (Nm), which are calculated in [9]. Then the corresponding uncertainties of Cp, CF, and CM are plotted versus ς in Figure 3.



The accuracies of the measurements of h are greatly influenced by the thickness of the TLC (around 100 μm in this study), the thermal radiation from the light source and the error of the thermocouples (±0.2 K). The uncertainties of h are up to 8.3% [1]. The maximum uncertainty of 8.3% is calculated with the equation: Uncertaintymax=7%2+4.5%2 (7% is the component of the uncertainty due to the sprayed TLC, while 4.5% is the component attributed to the set-ups of the experiments [1]).





3. Results and Discussion


3.1. Radial Pressure Distribution


Figure 4 compares the radial distribution of Cp with different Cw at ς=20%. It is clear that the parameter Cp shows a decreasing trend at each radial coordinate as Cw increases. The parameter Cp increases towards the shaft at fixed Re and Cw values.



The parameter ϕ, defined in Equation (15), is used to show the impacts of ς on Cp. The results are shown in Figure 5. The value of Re increases as ς increases. With the increase of ς, the amounts of ϕ decrease. The values of ϕ decrease by 15% to 19% when ς arrives at the maximum value. With the increase of ς, the maximum and the minimum values of ϕ are compared in Figure 6 for various Cw. In the parameter ranges 20%≤ς≤30% and 75%≤ς≤100%, a substantial decrease of ϕ is found. The decrement, however, becomes smaller with the increase of ς in the parameter range: 30%<ς<75%.




ϕ=CpCp at ς=20%  at a fixed Cw value



(15)






3.2. Axial Thrust Coefficient


The changes in the pressure led to the variations of the axial thrust. On the basis of experimental results, the values of CF decrease with increasing Cw for ς=20%, shown in Figure 7a. The trend is in accordance with those in [10]. With the decrease of Cw, the tangential velocity of the fluid will increase at the position half of the axial gap width [6]. The pressure then will drop significantly towards the shaft, which results in an increase of CF. The parameter ψ, written in Equation (16), is used to show the drop ratio of CF. As ς increases, the amounts of CF drop, shown in Figure 7b. When the values of ς increase from 20% to 30%, the amounts of CF drop by at least 12.2%. The decrements of CF become smaller as ς further increases in general. When ς increases from 20% to 100%, the values of ψ plunge to around 60%. The parameter CF appears to be significantly affected by ς.




ψ=CFCF at ς=20%  at a fixed Cw value



(16)






3.3. Moment Coefficient


To reduce the pollutant emitted into the air, the efficiencies of the gas turbine should be improved. One of the important means is to reduce the disk frictional losses and the leakage losses under different working conditions. The key is to determine how the amount of air impacts the moment coefficient. At the working condition ς=20%, the values of CM increase with increasing Cw, shown in Figure 8a. The increasing trends are in accordance with those in [10]. It is speculated that the gradient of the tangential velocity near the rotor surface increases with the increase of Cw, which results in the rise of the wall shear stress [13]. The parameter γ, defined in Equation (17), is used to show the variations of CM with increasing ς. As shown in Figure 8b, the numbers of γ fluctuate with the increase of Cw. As ς increases, the amounts of CM decrease in general, shown in Figure 8b. When ς increases from 20% to 100%, the values of CM drop by around 17.5%.




Υ=CMCM at ς=20%  at a fixed Cw value



(17)






3.4. Local Heat Transfer Coefficient


According to the measurements, the radial distributions of h are plotted versus Cw in Figure 9a for ς=20% (Re=0.22×106). Four values of Cw are investigated, namely 1262, 2525, 3787, and 5050. Each value of h is the average values at three circumferential positions on the fan-shaped TLC (0°, 30°, and 60°) at a certain radial coordinate. The amounts of h decrease toward the outer radius of the disk. At a lower radius, the values of h are relatively larger. The rise of Cw contributes to stronger local heat transfer capacity. As Cw increases, the increments are much larger at a low radius. In the literature such as those in [25], the effects of Cw and Reφ on the distributions of Nur have been discussed. The amounts of Nur are estimated with the power law, written in Equation (18) [25]. Figure 9b illustrates the effects of Reφ on Nur. With the increase of ln(Reφ), the values of ln(Nur) increase in general. The amounts of ln(Nur) increase as Cw increases. The increases in ln(Nur) versus ln(Reφ) become less intense when Cw increases.




Nur=a·Reφc



(18)





On the basis of the experimental results, the variations of Reφ on Nur for four values of ς (or Re) and four values of Cw are depicted in Figure 10. The increases of ln(Nur) follow the same trend for the four values of Re at a fixed Cw value in general. The values of the constants in Equation (18) (a and c) are determined with the method of least-square. The method simplifies the determinations of the above two parameters. The drawback, however, is that this reduces the accuracy of determining the parameters in Equation (18). It is noted that for ς=20% and Cw=5050, the increment of ln(Nur) versus ln(Reφ) become smaller in the parameter range: ln(Reφ)≥11.7. Above results also have big disparity with those from the determined correlations. The differences deserve further investigations. The values of a decline as Cw increases while those of c increase with the increase of Cw.



In Figure 11, the amounts of a and c are compared with those in [25]. The results of a and c by measurements in this paper are much larger than those by numerical simulations in [25]. The variations also show the different trends. The discrepancies cannot be answered from the available data. In [25], there is a rim seal at the outer radius of the cavity, while the cavity is directly connected to the environment in this paper. It is, therefore, speculated that the large differences are due to the difference of the geometry at the outlet of the disk cavity, which obviously results in the different temperature gradients.




3.5. Average Nusselt Number


In a rotor-stator cavity, the performances of heat transfer besides the flow patterns are decided by λt. The parameter Nuave is used to show the average heat transfer capacity. Figure 12a depicts the changes in Nuave for various Cw. With the increase of ς as well as Re, the values of Nuave increase. The same trends can also be found in [21]. The parameter τ, written in Equation (19), is used to show the change rate of Nuave. The parabolic-shaped τ−Cw/Cw,max curves are depicted in Figure 12b. The amounts of Nuave increase by up to 85.7% when ς increases from 20% to 100%. The special shape of τ deserves further investigations.




τ=NuaveNuave at ς=20%  at a fixed Cw value



(19)





When |λt| is not large enough, the parameter NuaveRe0.8 is primarily affected by λt in a rotor-stator system [1,4]. In this study, the values of |λt| do not exceed 0.3, which is in the parameter range: λt≤1.6 [4,21]. The parameter NuaveRe0.8 is, therefore, analyzed according to λt. It is noted that the exponent value of 0.8 is typical for turbulent boundary layers, as put forward by Schlichting [27]. Aus der Wiesche [28] pointed out that small deviations exist with regard to the exact exponent value in the literature. However, it should be remarked that these deviations are typical of minor importance in comparison with the experimental uncertainty levels occurring in actual systems. The amounts of NuaveRe0.8 increase with the increase of λt, shown in Figure 13. The values of NuaveRe0.8 are almost in a linear relationship with λt at a fixed Re value.





4. Conclusions


In this paper, the characteristics of the flow and the heat transfer in a disk cavity model are investigated by experiments. Some conclusions are as follows:



With the increase of ς, the amounts of Cp decrease. Both the upper and the lower limits are found for the drops of Cp with increasing ς at different experimental conditions.



The values of CF and CM decrease with increasing Cw or ς. With the increase of ς, the decrement of CF is much larger than that of CM at fixed Re and Cw values.



The values of h increase with increasing Cw. Four correlations of Nur and Reφ are summarized according to the amounts of Cw. The parameter Nuave is found to be positively associated with Re and Cw.
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Nomenclature




	
Latin Symbols

	




	
a, c

	
Constants

	

	
−




	
b

	
Effective outer radius of the disk

	

	
m




	
CF

	
Axial thrust coefficient

	
∫0b2·π·(pb−p)·rdrρ·Ω2·b4

	
−




	
CM

	
Moment coefficient

	
2·|M|ρ·Ω2·b5

	
−




	
Cp

	
Pressure coefficient

	
Cp=p*(x=1)−p*(x)

	
−




	
Cqr

	
Local flow rate coefficient

	
Qt·Reφ0.22·π·Ω·r3

	
−




	
Cw

	
Through-flow coefficient

	
m˙μ·b

	
−




	
Fa

	
Axial thrust

	

	
N




	
G

	
Non-Dimensional axial gap width

	
sb

	
−




	
h

	
Local heat transfer coefficient

	
h=qTw−Taw

	
W/(m2·K)




	
have

	
Average heat transfer coefficient

	

	
W/(m2·K)




	
K

	
Core swirl ratio

	
ΩfΩ

	
−




	
k

	
Thermal conductivity

	

	
W/(m·K)




	
l

	
Specific heat at constant pressure

	

	
J/(kg·K)




	
M

	
Frictional torque on a single surface

	

	
Nm




	
m˙

	
Mass flow rate

	
ρ·Qt

	
kg/s




	
Nur

	
Local Nusselt number

	
h·rk

	
−




	
Nuave

	
Average Nusselt number

	
b·∫rcb2hrdrk(b2−rc2)

	
−




	
n

	
Speed of rotation

	

	
rpm




	
p

	
Pressure

	

	
Pa




	
p*

	
Non-Dimensional pressure

	
p*=pρ·Ω2·b2

	
−




	
pb

	
Pressure at r=b

	

	
Pa




	
Qt

	
Volumetric through-flow rate

	

	
m3/s




	
q

	
Heat flux

	

	
W/m2




	
Re

	
Global circumferential Reynolds number

	
Ω·b2v

	
−




	
Reφ

	
Local circumferential Reynolds number

	
Ω·r2v

	
−




	
r

	
Radial coordinate

	

	
m




	
rc

	
Inner radius where the measurements of h start

	

	
m




	
rrec

	
Recovery factor

	

	
−




	
Δr

	
Radial clearance

	

	
m




	
r0

	
Radius of the horizontal pipe

	

	
m




	
s

	
Axial gap of the front chamber

	

	
m




	
sb

	
Axial gap of the back chamber

	

	
m




	
so

	
Axial width of the outlet

	

	
m




	
Ti

	
Initial temperature on the disk surface

	

	
K




	
T∞

	
Temperature in the main stream

	

	
K




	
Tw

	
Temperature on the surface of the disk

	

	
K




	
Taw

	
Adiabatic wall temperature

	

	
K




	
u∞

	
Velocity of the mainstream at ζ=0.5

	

	
m/s




	
t

	
Time

	

	
s




	
x

	
Non-Dimensional radial coordinate

	
rb

	
−




	
Greek Symbols

	




	
α

	
Thermal diffusivity

	

	
m2/s




	
Υ

	
Ratio for the speed of moment coefficient

	
CMCM at ς=20% 

	
−




	
λt

	
Turbulent flow parameter

	
CwRe0.8

	
−




	
ζ

	
Non-dimensional axial coordinate

	
zs

	
−




	
μ

	
Dynamic viscosity

	

	
N·s/m2




	
ν

	
Kinematic viscosity

	

	
m2/s




	
ρ

	
Density

	

	
kg/m3




	
ϕ

	
Change ratio of Cp

	
CpCp at ς=20%

	
−




	
ψ

	
Change ratio of CF

	
CFCF at ς=20% 

	
−




	
τ

	
Change ratio of Nuave

	
NuaveNuave at ς=20%

	
−




	
ρ

	
Density

	

	
kg/m3




	
Ω

	
Angular velocity of the disk

	

	
rad/s




	
Ωf

	
Angular velocity of the fluid

	

	
rad/s




	
ς

	
Ratio for the speed of rotation

	
nnmax

	
−




	
Abbreviations

	




	
CCD

	
Charge coupled device

	

	




	
erfc

	
Complementary error function

	

	




	
FS

	
Full scale

	

	




	
HWA

	
Hot-Wire-Anemometry

	

	




	
TLC

	
Thermochromic liquid crystal
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Figure 1. The sketch of the disk cavity in a gas turbine. z: axial coordinate (m), r: radial coordinate (m), s: axial gap width of the front chamber (m), b: effective outer radius of the disk (m). 
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Figure 2. Sketch maps of the test rigs (not to scale): (a) SRSCA and (b) SRSCB. 
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Figure 3. Part of the uncertainties from the measurements. 
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Figure 4. Radial distributions of Cp at ς=20% from measurements. 
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Figure 5. Variations of ϕ along the radius from measurements. 






Figure 5. Variations of ϕ along the radius from measurements.



[image: Energies 12 02917 g005]







[image: Energies 12 02917 g006 550]





Figure 6. General variations of ϕ versus ς from measurements. 
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Figure 7. Axial thrust coefficient from the measurements: (a) Increase of CF versus Cw/Cw,max for ς=20% and (b) Variations of ψ versus Cw/Cw,max for ς≥30%. 






Figure 7. Axial thrust coefficient from the measurements: (a) Increase of CF versus Cw/Cw,max for ς=20% and (b) Variations of ψ versus Cw/Cw,max for ς≥30%.



[image: Energies 12 02917 g007]







[image: Energies 12 02917 g008 550]





Figure 8. Moment coefficient from the measurements: (a) Increase of CM versus CwCw,max at ς=20% and (b) Variations of Υ versus CwCw,max for ς≥30%. 
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Figure 9. Characteristics of heat transfer at ς=20% (Re=0.22×106) by measurements: (a) Variations of h along the radius and (b) Variations of ln(Nur) versus ln(Reφ). 
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Figure 10. Variations of ln(Nur) versus ln(Reφ) by measurements: (a) Cw=1262; (b) Cw=2525; (c) Cw=3787 and (d) Cw=5050. 
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Figure 11. Comparison of the constants in Equation (18): (a) Values of  a and (b) Amounts of c. 
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Figure 12. Comparison of the heat transfer performances: (a) Changes of Nuave versus Cw/Cw,max and (b) Variations of τ versus Cw/Cw,max. 
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Figure 13. Variations of NuaveRe0.8 versus λt. 
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Table 1. Main parameters of the test rigs in this study.
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	b (m)
	ro (m)
	s (m)
	sb (m)
	Δr (m)
	so (m)
	n (m)





	SRSCA
	0.11
	0.05
	0.011
	0.008
	0.002
	0.002
	500–2500



	SRSCB
	0.25
	0.07
	0.025
	−
	−
	0.002
	500–2500
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Table 2. List of experimental conditions.
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	ς
	20%
	30%
	50%
	70%
	80%
	90%
	100%



	Cw
	0
	1262
	2525
	3787
	5050
	
	











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
[T
o ..
CSoma e
@ (o)

Dark green: ¢ = 20% Re = 0.22 x 10°, Blue:
0%, Re = 0.77 X 10°, Purple: ¢ = 80%,Re
111 % 106

0%, Re = 033 x 10°, Orange:
088 10°, Red:

55 10°,
099 10°,





media/file4.png
Astd

Sﬂ

S
L

F 3

//%//%/

Sp

N\
NN \ ///w\
\ A
=N - :=
O\ v =
o |
,W,.. - ST
ZF ) .
. v S _
NN N NN NN NN YL 2
//////////j- |
: |
/m
/z//






media/file18.png
o O 0 ©O
o O 0 o©
0o o O 0©
2 5 % %
0.9 o o o O
o o o o
o o o o
2 S % %
0.8 o o o o
o o o [+
o o o o
% 2 % %
0.7 o o 0
o o o
Q =) Q
% oo no
0.6 o o o
. . o
o o o
Do au na
0.5 0 o o
40 60 30
h (W/m? - K)

(a)

(b)
Color of symbols: Blue: C,, = 1262, Orange: C,, = 2525, Green: C,, = 3787, Red: C,, = 5050

6.6
In(Nu,)
6.4

6.2

5.8

5.6
120 10 105

11 11.5

12 12.5
In(Re,)

13





media/file21.jpg
o1s

o1

005

o

2000

4000 G 6000

(a)

5000

o0s

wall |
Model in Re25]






media/file26.png
0.025
are
Ret8

0.02

0.015 °
0.01

0.005
0 0.1 0.2 As 0.3

Red: ¢ =20% (Re =0.22 X% 10°), Orange: ¢ =50% (Re = 0.55 X 10°), Purple
Black: ¢ = 100% (Re = 1.11 x 10%)

: ¢ =80% (Re = 0.88 x 10°),





media/file3.jpg
Front cover






media/file22.png
0.3

0.25

0.2

O In this Sty dy
o

2000

D2}
\o‘z‘éf&

o)

O

4000

(a)

o]

Cw 6000

8000

4.5

3.5

25

0.5

0

o

Wall \‘..
Model in Ref-[25] |-

S
o o o o

2000 4000 €, 6000 8000

(b)





media/file19.jpg
P gt
o™
Pa—
u 12 ke 1 W 2 ke 18 "
o ®
o)
6 ‘,13""".
e
u W s w Cn o maen
@ @

088 10°, Black:

0%, Re = 0.22 % 10% Orange: ¢ = 50%, Re = 055 10°, Purple: ¢ = 80%, R
1009%, Re = 1.11 x 10°






media/file7.jpg
0.8

0.7

0.6

0.5

0.4

0

— ¢ =20%

Re =022 % 10°
0000 ©
oooo o
0000 o
©o 000 °
o oo o o
0.02 0.04 0.06 008 Cp 01

Blue: C,, = 1262, Orange: C,, = 2525, Green: C,, = 3787, Red: C,, = 5050





media/file10.png
¢ = 30%

b ) X o om X o
0.9 Re = 0.33 x 10 0.9 — 0.9 ol
0.8 0.8 0.8
o ¢ = 50% @ ¢ = 70%
Re = 0.55 x 10° Re = 0.77 % 10°
0.7 0.7 0.7
o oD Qo
0.6 0.6 0.6
O L To) oo
0.5 0.5 0.5
o apo oo
0.4 0.4 0.4
0.8 0.85 0.9 0.95 ¢ 1 0.8 085 09 095 ¢ 1 0.8 0.85 0.9 095¢ 1
1 : = 90% 1
X ¢ = 800 x ¢ = ¢ = 100%
" Re = 0.88 x 10° % Re=099x10®8  * ©° °@ Re = 1.11 x 10°
0.9 (a8 s ] 0.9 0o 0.9 o o
0.8 o 0.8 an 0.8 o0
0.7 0.7 0.7
o o o0 o an
0.6 0.6 0.6
o oo o oo
0.5 0.5 0.5
L5 Do oan O
0.4 0.4 0.4
0.8 0.85 0.9 095 ¢ 1 0.8 0.85 0.9 095 ¢ 1 0.8 0.85 (0.9 0.05 ¢ 1

Black: C,, = 0, Blue: C,, = 1262, Orange: C,, = 2525, Green: C,, = 3787, Red: C,, = 5050






media/file14.png
0.045

Cr
0.04 °~.._‘_
~ S
&,
0.035 ~
\
N
0.03 \q
o~ iy
e
0.025 ™ - -
-
0.02
0 0.2 0.4 0.6 0.8 1
ijcw,max

(a)

Dark green: ¢ = 20%,Re = 0.22 X 10°, Blue: ¢ = 30%,Re = 0.33 x 10°, Orange:
Light green: ¢ = 70%,Re = 0.77 X 10°, Purple: ¢ = 80%,Re = 0.88 x 10°, Red:

Dark: ¢ = 100%,Re = 1.11 X 10°

1

Y

0.9
4 — — O

0.8 —
_—d—-a-

(ol -
0.7
- -
= —— @ —— O

0.6 g——x-——e———a-——-a

0.5
0 0.2 0.4 0.6 0.8 1

Ew f Ew,max

(b)

¢ = 50%, Re = 0.55 x 10°,
¢ = 90%, Re = 0.99 x 106,





media/file11.jpg
0.95
\\ b Epper limitg

T ~
0.9

L
085 N A

0.8

.20% 40% 60% 80% ¢ 100%





media/file6.png
Uncertainties

0.004

0.003

0.002

0.001

0

o
o o
o o
o
¢ =
0.2 0.4 0.6 0.8

Red: C,, Green: Cp, and Orange: Cy





media/file15.jpg
Fouses
o | TN

L
@

Dark green: ¢ = 20%,Re = 0.22 X 10°, Blue: ¢ = 30% Re = 033 x 10°, Orange:
Light green: 6= 700, Re = 077 x 10° , Purple: ¢ = B0% Re = 088 x 10° , Red:
106, Dark: ¢ = 100%, Re = 111 X 106

50%,Re = 055 x 10°,
§=90%,Re = 099 x






nav.xhtml


  energies-12-02917


  
    		
      energies-12-02917
    


  




  





media/file16.png
0.045

1

G ¥
0.04 ~ 09 e —m———®
~a. o ——
0.035 \ 0.8 ———®
N _to-——o—m—%
0.03 S 07 g == =@ ——8=="= )
S, -
—
o . g_._ -_—— s (P —
-2
0.02 0.5
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Cor/ Cov Cos/ Co

(a)

(b)

Dark green: ¢ =20%,Re = 0.22 x 10°, Blue: ¢ = 30%,Re = 0.33 x 10°, Orange: ¢ = 50%, Re = 0.55 x 10°,
Light green: ¢ = 70%,Re = 0.77 X 10° , Purple: ¢ = 80%,Re = 0.88 X 10® , Red: ¢ =90%,Re = 0.99 x
108, Dark: ¢ = 100%,Re = 1.11 x 10°





media/file2.png
Stator vanes R
1m seal
/N Rotor blades
1 & I
19 | o
— ] 1A
Pre-swirl nozzles I | " 1T A
. A,
°== '
2
I 4 - |
” ) & e
4 Basic rotor-stator cavity model
3 5
= =
-
' e ﬁ ThI'OU.gh flow

’\_/—\’/2 ﬁ HOt main siream

——3p Cooling/Sealing air





media/file20.png
7.5 7.5

(N, ) In(Nw, )

6.5

5.5
11 12 In(Re,) 13 14 11 12 In(Re,) 13 14
(a) (b)
7.5 7.5
In{Nw,)
7

5.5 5.5
11 12 In(Re,) 13 14 11 12 In(Re,) 13 14

(c) (d)

Red: ¢ = 20%, Re = 0.22 X 10°, Orange: ¢ = 50%, Re = 0.55 X 10°, Purple: ¢ = 80%, Re = 0.88 x 10°, Black:
¢ = 100%, Re = 1.11 x 10°





media/file23.jpg
& {ANI«.,. =857%

16 e’
% _-°
L4 Pog -8
(3 P
12 SR P
1
02 o4 05 08 1 G 04 05 08 1
CulComae Gl Comax
@ ®)
20% (Re=022x10°), Orange: ¢=50% (Re=055x 10°), Purple: = 80% (ke

088 x 10%), Blax

100% (R

111 x 10%)






media/file5.jpg
Uncertainties

°
° °
°
e °
0.2 0.4 0.6 08

Red: Cp, Green: Cr, and Orange: Cy





media/file24.png
800 2

| . ~ ANu,,, = 85.7%
700 vl 1.8 N -2
Nu(we ” ~ ”
600 /o R T~ L7
” -
o -~ 1.6 b > P -
‘__.—-"'F‘e-"f Fo) &‘\. I 5
500 o - _ - ~ L P
— - = ama—
- o -3l 1.4 0 —
-
400 9’_’#..- — =0 - 4
—— 1.2 — ——
300 g 0 o
-
-
200 & 1
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
CW/ Cw,max Cw/ Cw,ma;x
(a) (b)

Red: ¢ =20% (Re=0.22x10°), Orange: ¢=50% (Re = 0.55x10°), Purple: ¢=80% (Re =
0.88 x 10°), Black: ¢ = 100% (Re = 1.11 x 10°)





media/file1.jpg
i

—— Cooling/Sealing air





media/file25.jpg
or 0 a e

20% (Re =022 10°), Orange: 5 = 50% (R
Black: ¢ = 100% (Re = 1.1 x 10%)

55 10°), Purple: ¢ = B0% (Re = 0.8 x 10°),





media/file12.png
¢ A
A\N
0.95 \';\
~ . Upper Iim;
SN el 1 mits
~ —
0.9 g e -
-LOWer hm.l .\
ts ”
0.85
\
0.8
20% 40% 60% 80% ¢ 100%





media/file9.jpg
08

07

06

05

04
08

08

07

06

04
08

=30 o x
Re=033x100

09
- 08
- 07
e~ 06
05
1 04

085 09 0959 1 08
i
%y
She-osaxiot |
- o8
T 07
= 06
05
04

0ss 09 0959 1 08

03

0

095 ¢ 1

08

07

06

05

04

0s o0ss

o

5 o
08 [ oo
01 |
0 e
os
04

0 _o0ss

09
Black: G, = 0, Blue: G, = 1262, Orange: G, = 2525, Green: G, = 3787, Red: G, = 5050

0954

o= 100%
vt

095 91





media/file0.png





media/file8.png
0.8

0.7

0.6

0.5

0.4

0

o ¢ =20%
Re = 0.22 x 10°
Qo000 ©
000 Q
0o 0o O o
© o0 0 O o
o 0 0 O Q
0.02 0.04 0.06 008 Cp 0.1

Blue: C,, = 1262, Orange: C,, = 2525, Green: C,, = 3787, Red: C,, = 5050





media/file17.jpg
B W/ K)

(@
Color of symbols: Blu

&

In(Vu)
64

62






