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ABSTRACT 

Twin-web turbine discs have been the subject of recent research in an effort to 

lighten the weight of and boost the efficiency of aero engines. This has motivated 

researchers to investigate other configurations for an expanded blade air supply 

and twin-web turbine discs. However, the new configuration's cooling 

mechanism is unclear. In this paper, the flow and heat transfer characteristics of 

two twin-web turbine disc systems, featuring distinct coolant inlet modes, are 

investigated through theoretical analysis and numerical simulation. The research 

results show that the central inlet mode leads to an uneven coolant distribution, 

a high convective heat transfer coefficient, and a high Nusselt number in the 

rotor–stator cavity. Meanwhile, the pre-swirl inlet mode improves cooling in the 

high-temperature region by disturbing the vorticity. Augmenting the 

dimensionless mass flow rate enhances the cooling efficiency via the notable jet 

effect, but it also escalates energy loss. As the rotational Reynolds number rises, 

the entrainment effect of the rotor assumes a dominant role, thereby reducing the 

swirl ratio. The increased turbulence parameter shifts the primary heat transfer 

driver from the rotor register to the jet effect, resulting in more uniform 

temperature changes and a reduced radial inhomogeneity. The pre-swirl inlet 

mode demonstrates an outstanding cooling performance overall. 
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1. INTRODUCTION 

Raising the gas temperature at the turbine inlet is a 

crucial step in the development of aero engines, as it 

increases the engine's thermal efficiency. Nevertheless, 

this method might drastically shorten the high-temperature 

component's service life (Kim & Song, 2019). Thus, there 

is an immediate need for better cooling techniques. 

Among these, the pre-swirl system provides premium 

coolant for cooling the turbine disc chamber and turbine 

blades (Gong et al., 2022). 

Currently, the single-web turbine disc (SWD) cavity 

system is the primary focus of pre-swirl system research. 

Through theoretical analysis and experimental research on 

the energy conversion traits and heat transfer mechanism 

of multi-inlet and multi-outlet sealed-air pre-swirl 

systems, the alterations in power consumption and 

temperature drop in relation to the mass flow ratio and 

velocity of the system can be ascertained, providing a 

novel approach for evaluating and enhancing the design of 

low-power, low-temperature pre-swirl systems (Lin et al., 

2021; Liu et al., 2021a; Lin et al., 2022; Ma et al., 2024). 

Research is mostly focused on the geometric parameters 

of the pre-swirl nozzles, which include the nozzles' length, 

pre-swirl angle, and position radius (Lewis et al., 2008). 

Cascade blade nozzles, blade-hole nozzles, and two 

varieties of receiver holes with a blade form were created 

(Liu et al., 2021b; Liu et al. 2023, Kong et al., 2022). 

Furthermore, it has been discovered that the optimal radial 

position of the nozzles to minimize wind resistance and 

mixing loss is within the range of 0.80–0.96, depending on 

the pre-swirl nozzle height and supply hole height. Liao et 

al. (2014) developed an optimization model that 

maximized the pre-swirl efficiency while minimizing the 

overall pressure loss. A system that has its nozzles 

positioned relatively low on the radial plane reduces 

leakage flow, which raises the output power of the turbine 

(Zhou & Zhou, 2020). Zhang et al. (2016a) discovered that 

the system performs best and has the maximum adiabatic 

efficiency and total pressure loss when the pre-swirl angle 

is 20°. A unique twin-row nozzle design was developed by 

Xia et al. (2020). The high-speed swirl flow from the 

nozzles is received by the receiver holes, which then send 

it to the co-rotating cavity with blade supply porosity. 

When the pre-swirl nozzles and receiver holes are 

positioned in the same radial direction, the least  

amount of pressure loss is possible (Jarzombek et al., 2006).

http://www.jafmonline.net/
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NOMENCLATURE 

ACRONYMS AND ABBREVIATIONS  𝑡𝑖 temperature of the feature point 

H0 height of disc hub  𝜃 normalized temperature 

H1 height of disc rim  𝑡𝑚𝑎𝑥 maximum value of the temperature range 

R0 inner radius of disc  𝑡𝑚𝑖𝑛 minimum value in the temperature range 

R1 outer radius of disc  𝑁𝑢 Nusselt number 

R2 center radius of receiver hole  q heat flux 

R3 radius of inlet arc (inside)  r local radius 

R4 radius of inlet arc (outside)  𝜆 thermal conductivity of the coolant 

S0 width of inlet-mid  𝑇𝑟 reference temperature 

S1 width of disc bottom  𝛽 field synergy angle 

S2 width of single disc edge  �⃗� velocity field 

∆𝑇 excess temperature on the windward side  𝑔𝑟𝑎𝑑�⃗⃗� temperature gradient field 

𝑇𝑙  local temperature  𝑇∗ absolute total temperature of the coolant 

𝑇𝑖𝑛 temperature of inlet  𝑇𝑟𝑒𝑙
∗  relative total temperature of the coolant 

𝑢 local radial velocity  𝑐𝑝 specific heat of coolant at constant pressure 

𝑈 average radial velocity at the entrance  h convective heat transfer coefficient 

𝑧 local axial position  𝜆𝑇 turbulence parameter 

𝐷 one-third thickness of the Ekman layer  𝐶𝑎𝑠𝑒1
𝐶  

change in case1 with dimensionless mass 

flow 

𝑎 
radial height of the entrance of the co-rotating 

cavity 
 𝐶𝑎𝑠𝑒1

𝑅 
change in case1 with rotational Reynolds 

number 

𝑠 axial width of the co-rotating cavity  𝐶𝑎𝑠𝑒2
𝐶  

change in case2 with dimensionless mass 

flow 

𝑄 inlet flow rate in the co-rotating cavity  𝐶𝑎𝑠𝑒2
𝑅 

change in case2 with rotational Reynolds 

number 

𝑇𝑚𝑎𝑥  maximum temperature of the turbine disc  A 
feature points on the outer wall of the front 

web 

𝑆𝑟 swirl ratio  B 
feature points on the inner wall of the front 

web 

𝑉 speed of the coolant in the rotating cavity  C 
feature points on the inner wall of the front 

web 

𝜔 rotation speed of the rotating disc  D 
feature points on the outer wall of the back 

web 

𝑅𝑒𝜑 rotational Reynolds number  SUBSCRIPT 

𝜌 density of the coolant  𝜑 𝜑 

𝑏 outer radius of the turbine disc  𝑧 𝑧 

𝑚 mass flow of the coolant  𝑟 𝑟 

𝜇 dynamic viscosity of the coolant  𝑟ℎ 𝑟ℎ 

𝐶𝑚 dimensionless mass flow  𝑖𝑐 coolant in the inner cavity 

𝑇𝑣𝑟 radial temperature non-uniformity coefficient  𝑚𝑖𝑥 mixed coolant 

𝑡̅ average temperature of all feature points  1 variables related to case1 

𝑆 temperature change  2 variables related to case2 

𝑛 total number of feature points    

 

At the location where the tangential velocity difference is 

the least, the receiver holes' peak flow coefficient value 

appears (Bricaud et al., 2007). In order to create a more 

uniform stress distribution, Yan et al. (2020) modified the 

receiver hole structure using the improved support vector 

regression surrogate model. Numerous studies on the pre-

swirl system have successfully enhanced the single-web 

turbine disc's cooling capabilities; however, because of its 

thicker hub, the engine's internal cooling response remains 

sluggish, restricting our ability to further increase the aero 

engine’s efficiency. 

There is now renewed promise for increasing aero 

engine efficiency thanks to twin-web turbine discs 

(TWDs) (Zhang et al., 2020). Though theoretical analysis 

and optimization techniques can be used, in-depth 

research on the structural characteristics of the disc cavity 

of a SWD cannot be directly applied to the disc cavity of 

a TWD (Zhang et al., 2017). In order to improve heat 

transfer, Zhang et al. (2016 b) created a model with curved 

ribs in the inner hollow. Their findings demonstrated a 

considerable decrease in the turbine disc's average 

temperature. A new kind of twin-web turbine disc with 

staggered needle fins placed close to the inner cavity and 

outflow has been proposed (Li et al., 2019, 2020). 

Multidisciplinary design optimization was performed, 

with the aim of minimizing weight and  

temperature while adhering to stress restrictions. Zhang 
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(a)                                                                  (b)                                                      (c) 

Fig. 1 Three–dimensional geometry of (a) Case1, (b) Case2, and (c) structural parameters of the TWD 

 

Table 1 Geometric parameters of the TWD cavity system 

Geometric parameter Symbol Unit Design value 

Height of disc hub H0 mm 31 

Height of disc rim H1 mm 20 

Inner radius of disc R0 mm 53.5 

Outer radius of disc R1 mm 281 

Center radius of receiver hole R2 mm 250 

Radius of inlet arc (inside) R3 mm 50 

Radius of inlet arc (outside) R4 mm 25 

Width of inlet-mid S0 mm 10 

Width of disc bottom S1 mm 58.8 

Width of single disc edge S2 mm 20 
 

and Li also employed a central inlet approach in their 

study. Furthermore, Ma et al. (2021, 2022) employed a 

large-radius pre-swirl system in a TWD turbine disc cavity 

system and investigated the impact of inlet flow ratio on 

cooling efficiency. As previously mentioned, prior 

research on TWD has primarily concentrated on 

improving heat transfer between the coolant and wall, has 

analyzed structure and operation parameters, and has only 

considered the coolant inlet condition as a fixed 

parameter. This previous research has neglected to take 

into account the impact of various coolant inlet modes on 

flow and heat transfer effects, which are the subject of this 

paper. 

A systematic analysis of the heat transmission 

characteristics of the inter-rotor–stator system of the TWD 

cavity is presented in this paper, focusing on the effects of 

two inlet modes—central inlet and large-radius inlet pre-

swirl. Under the same turbulence settings, the sensitivity 

of dimensionless mass flow and rotational Reynolds 

number and their effects on heat transfer characteristics 

are investigated. Additionally, a parameter feature 

importance analysis is carried out, to determine how the 

heat transfer properties are affected by the radial height 

and tangential angle of the pre-swirl nozzles and receiver 

holes. 

2. MODEL AND METHOD 

2.1 Calculation Model 

This research established a TWD model with receiver 

holes based on reference (Ma et al., 2021). There are two 

domains in the TWD numerical convective heat transfer 

model: a fluid domain and a solid domain. All fluid 

domains are subjected to the same boundary conditions, in 

order to qualitatively investigate the impact of intake 

convection heat transfer characteristics. Accordingly, the 

coolant enters the inner cavity, fluid domain 1, and fluid 

domain 2.  

The fluid domain is only slightly modified, while the 

turbine disc's stress distribution remains essentially intact. 

Various coolant inlet modes are used to discuss the 

potential for cooling. The coolant in rotor–stator cavity 2 

exits through the outlet seam on the disc-edge side, 

whereas the coolant in cavity 1 exits through the mixing 

of the receiver hole and the inner cavity through the outlet-

mid. In this paper, Case1 and Case2 represent the central 

inlet and high radius inlet pre-swirl modes, respectively. 

Schematic diagrams and structural parameters are shown 

in Fig. 1 and Table 1. The 1/60 TWD model is used in this 

paper to conserve computing resources. Dynamic cavity 1 

and the inner cavity are integrated into one, named fluid 

domain 1. The rotor–stator cavity 2 is fluid domain 2. The 

TWD is considered to be the solid domain. 
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(a)                                                                                                         (b)       

Fig. 2 (a) Experimental model and (b) simulation model for validation of turbulence models 

 

The rotating disc is made of GH4169 superalloy, and 

its physical and thermodynamic parameters can be found 

in the literature (Guo et al., 2024). 

2.2 Turbulence Model Validation 

Numerous turbulence models have been employed in 

numerical computations up to this point. A Reynolds mean 

Navier–Stokes (RANS) simulation is the main method 

used in turbulence simulations (Cao et al., 2023). 

Numerous cavity flow computations in the past have 

utilized the high-Reynolds-number 𝑘 − 𝜀  turbulence 

model. In this paper, four turbulence models in CFX 17.2 

are chosen for validation in order to determine which one 

can most accurately forecast the flow and heat transfer 

characteristics in the rotating cavity: 𝑆𝑆𝑇, 𝑘 − 𝜔, 𝑘 − 𝜀, 

and 𝑅𝑁𝐺𝑘 − 𝜀  . According to the characteristics of the 

TWD, we refer to the rotor–stator cavity and the co-

rotating cavity to verify the accuracy of the turbulence 

models, respectively. 

Xiang's (Xiang et al., 2007) experiment was used to 

validate the turbulence model of the rotor–stator cavity. In 

the experimental setup, coolant is introduced into the air 

collection cavity from the center and then directed into the 

disc cavity through a large-radius pre-swirl inlet. The disc 

features 30 pre-swirl holes with a pre-swirl angle of 30°. 

Following cooling of the rotating disc, coolant exits 

through an outlet located at the edge of the disc. A 

resistance wire is positioned at the edge of the disc to 

simulate heat exchange between the high-temperature gas 

and the rotating disc, while insulation material is placed 

on the rear side. The experimental operating conditions 

include a speed of 3000 rpm, a coolant flow rate of 200 

kg/h, and heating power of 1100W. The experimental 

model and 1/12 simulation model are shown in Fig. 2. 

As stated in the literature (Xiang et al., 2007), the 

following formula is true: 

∆𝑇 = 𝑇𝑙 − 𝑇𝑖𝑛                                                                (1) 

where ∆𝑇 is the excess temperature on the windward side, 

𝑇𝑙  is the local temperature, and 𝑇𝑖𝑛 is the inlet temperature. 

Through the calculation of the excess temperature of the 

windward side, the influence of the inlet temperature is  

 

Fig. 3 Turbulence model validation results of the 

rotor–stator cavity 

 

ignored. The excess temperature of the windward side 

predicted by numerical simulation is compared with the 

experimental data, as shown in the Fig. 3. The results show 

that the test data of the 𝑘 − 𝜀  turbulence model 

consistently demonstrate the same trend as the 

experimental data. Among them, the test data of 𝑅𝑁𝐺 𝑘 −
𝜀  are in better agreement with the experimental data of 

high radius position. Therefore, in this paper, the 

𝑅𝑁𝐺 𝑘 − 𝜀  turbulence model is chosen for subsequent 

calculations. 

Based on the experimental verification of the rotor–

stator cavity, the simulation results of the 𝑅𝑁𝐺 𝑘 − 𝜀 

turbulence model in the co-rotating disc cavity are 

compared with the calculation results of literature (Owen 

& Pincombe, 1980), as follows: 

𝑢

𝑈
= −

�̅�

𝑈
𝑒𝑥𝑝 (−𝑧/𝐷)𝑠𝑖𝑛 (𝑧/𝐷)                                     (2) 

𝑈 = 𝑄/2𝜋𝑎𝑠                                                                  (3) 

�̅� = −𝑄/2𝜋𝑟𝐷                                                               (4) 

where 𝑢 represents the local radial velocity, 𝑈 represents 

the overall average radial velocity at the entrance, 𝑧/𝑠 

represents the dimensionless axial distance, �̅� represents 

the tangential velocity of the non-viscous core region  
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Fig. 4 Turbulence model validation results of the 

co-rotating disc cavity 

 

(between Ekman layers on the rotating disc), 𝐷 represents 

the one-third thickness of the Ekman layer, 𝑎 represents 

the radial height of the entrance of the co-rotating cavity, 

𝑠 represents the axial width of the co-rotating cavity, and 

𝑄 represents the inlet flow rate. 

Figure 4 shows that the numerical calculation of 

𝑅𝑁𝐺𝑘 − 𝜀  turbulence model is in good agreement with 

the results in the literature. Therefore, the 𝑅𝑁𝐺 𝑘 − 𝜀 

turbulence model is used in this paper to calculate the flow 

and heat transfer characteristics of the twin-web turbine 

disc cavity.  

2.3 Boundary Conditions and Grids 

The interface between the fluid and solid regions is 

used as a couple interface. A uniform heat flux boundary 

condition of 420000W/m2 was applied to the top surface 

of the solid region near the high-temperature blade, and 

adiabatic boundary conditions were applied to the other 

walls of the fluid region. The coolant is an ideal gas. In 

Case2, the three inlet flows are equal, and the total flow is 

the same as in Case1. The total flow rate of both cases was 

0.025kg/s, and the total inlet temperature was 700K. The 

outlet is an average static pressure outlet of 1MPa, and the 

rotor speed is 10000rev/min. Since this work mainly 

focuses on the convective heat transfer characteristics of 

the inner cavity, the boundary conditions of fluid domain 

1 and fluid domain 2 do not change during the calculation.  

Due to the boundary layer in the fluid domain near the 

solid domain, the temperature and velocity gradients are 

higher. Thus, the grids at the fluid–solid interface, coolant 

inlet and outlet, and receiver hole are encrypted. Liu et al. 

(2014) and Gao et al. (2017) suggested that the 

computational grid for the analysis of convective heat 

transfer in turbine blades should contain more than 15 

units in the boundary layer. According to this, the 

boundary layer with 15 units near the walls of these three 

fluid domains was refined into a first-layer mesh of 

0.05mm thickness. The growth rate was 1.1 and the y+ 

value computed by the 𝑅𝑁𝐺 𝑘 − 𝜀 turbulence model was 

less than 1. The model of Case2 is taken as an example, 

and the grid diagram is shown in the Fig. 5. 

Grid independence was verified using the maximum 

temperature (𝑇𝑚𝑎𝑥) in the solid domain (TWD). Figure 6 

presents the calculation of grid independence. When the 

number of meshes in Case1 exceeded 4,985,955 and the  

 

Fig. 5 Grid 

 

 

Fig. 6 Grid independence verification 

 

number of meshes in Case2 exceeded 6,108,524, the 

variation in the 𝑇𝑚𝑎𝑥  value was less than 0.2K. 

Considering the accuracy of the calculation and the 

reduction in computing resources, this grid number was 

selected for the subsequent calculation. 

3. ANALYSIS AND DISCUSSION 

3.1 Parameter Definition 

(a) Swirl ratio 𝑆𝑟 

The swirl ratio of the coolant in the rotating cavity is 

expressed as the ratio of the circumferential velocity of the 

airflow to the rotational speed of the rotating disc, and is 

defined as follows: 

𝑆𝑟 =
𝑉𝜑

𝜔𝑟
                                                                          (5) 

where 𝑉𝜑 is the circumferential speed of the coolant and 𝜔 

is the rotation speed of the rotating disc. 

(b) The rotation Reynolds number, 𝑅𝑒𝜑 , is defined as 

follows: 

𝑅𝑒𝜑 =
𝜌𝜔𝑏2

𝜇
                                                                    (6) 

(c) The dimensionless mass flow, 𝐶𝑚, is defined as 

follows: 

𝐶𝑚 =
𝑚

𝜇𝑏
                                                                          (7) 

(d) The turbulence parameter, 𝜆𝑇, is defined as follows: 
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Fig. 7 Selection of feature points 

 

𝜆𝑇 =
𝐶𝑚

𝑅𝑒𝜑
0.8                                                                     (8) 

where 𝜌 is the density of ideal air, 𝑏 is the outer radius of 

the turbine disc, which is defined as 𝑅1 in this paper, 𝑚 is 

the coolant flow into the entire cavity, and 𝜇  is the 

dynamic viscosity of the coolant. 

(e) The radial temperature non-uniformity coefficient, 𝑇𝑣𝑟 , 

is defined in formula (9). 

To express the turbine disc temperature gradient more 

intuitively, the characteristics of each set of five point 

temperatures were analyzed in four series to choose 

between the inner and outer walls of the ABCD, 

respectively, as seen in Fig. 7, before and after the 

temperature uniformity of the web. 

The radial temperature nonuniformity coefficient of 

the turbine disc is represented by 𝑇𝑣𝑟, which is defined as 

follows: 

𝑇𝑣𝑟 =
𝑆

𝑡̅
                                                                           (9) 

The smaller the value of 𝑇𝑣𝑟 , the better the radial 

uniformity. 

𝑆 = √
1

𝑛
∑ (𝑡𝑖 − 𝑡̅)2𝑛

𝑖=1                                                    (10) 

where 𝑡̅ is the average temperature of all feature points in 

the series, 𝑆 is the temperature change, 𝑛 is the number 

of feature points, and 𝑡𝑖 is the temperature of that feature 

point. 

(f) The normalized temperature, 𝜃, is defined as follows: 

𝜃 =
𝑡𝑛−𝑡𝑚𝑖𝑛

𝑡𝑚𝑎𝑥−𝑡𝑚𝑖𝑛
                                                              (11) 

where 𝑡𝑛 , 𝑡𝑚𝑎𝑥 , and 𝑡𝑚𝑖𝑛  represent the temperature, 

maximum temperature, and minimum temperature of the 

turbine disc under different working conditions, 

respectively. 

(g)The Nusselt number, 𝑁𝑢, is defined as follows: 

𝑁𝑢 =
𝑞𝑟

𝜆(𝑇𝑙−𝑇𝑟)
                                                               (12) 

where 𝑞  represents the heat flux, 𝑟  represents the local 

radius, 𝜆  represents the thermal conductivity of the 

coolant, 𝑇𝑙  represents the local temperature, and 𝑇𝑟 

represents the reference temperature; 700K was chosen as 

the reference temperature in this paper. 

(h) The field synergy angle (FSA), 𝛽 , is defined as 

follows: 

𝑐𝑜𝑠 𝛽 =
�⃗⃗�∙𝑔𝑟𝑎𝑑�⃗⃗�

|�⃗⃗�|∙|𝑔𝑟𝑎𝑑�⃗⃗�|
                                                        (13) 

where �⃗�  represents the velocity gradient and 𝑔𝑟𝑎𝑑�⃗⃗� 

represents the temperature gradient. 

Liu et al. (2014) points out that, in a rotating cavity, 

the cosine field 𝑐𝑜𝑠𝛽, formed by the velocity field �⃗� and 

the temperature gradient field 𝑔𝑟𝑎𝑑�⃗⃗�, should be reduced 

as far as possible to increase the convective heat transfer 

coefficient; that is, the coordination angle between �⃗� and 

𝑔𝑟𝑎𝑑�⃗⃗� should be reduced. 

3.2 Theoretical Analysis 

In the rotor system, the cooling is mainly achieved via 

the influence of the relative total temperature, 𝑇𝑟𝑒𝑙
∗ , of the 

coolant. This is calculated as follows: 

𝑇∗ = 𝑇 +
𝑉𝑧

2

2𝑐𝑝
+

𝑉𝑟
2

2𝑐𝑝
+

𝑉𝜑
2

2𝑐𝑝
                                             (12) 

𝑇𝑟𝑒𝑙
∗ = 𝑇 +

𝑉𝑧
2

2𝑐𝑝
+

𝑉𝑟
2

2𝑐𝑝
+

(𝑉𝜑−𝜔𝑟)2

2𝑐𝑝
                                   (13) 

where 𝑇 is the static temperature, 𝑇∗is the absolute total 

temperature, 𝑇𝑟𝑒𝑙
∗  is the relative total temperature in the 

rotating coordinate system, and 𝑉𝑧 , 𝑉𝑟 , and 𝑉𝜑  are the 

axial, radial, and circumferential velocity components, 

respectively. 

The relationship between the absolute total 

temperature and the relative total temperature can be 

obtained by combining the above formulas, as follows: 

𝑇∗ = 𝑇𝑟𝑒𝑙
∗ +

(𝜔𝑟)2

2𝑐𝑝
(2𝑆𝑟 − 1)                                        (14) 

In flow field analysis, the swirl ratio is a key factor, 

and only when its value is greater than 0.5 will it cause a 

temperature drop to the system. 

Without regard to wall heat transfer, the following 

formula is true: 

𝑇𝑟𝑒𝑙,2
∗ − 𝑇𝑟𝑒𝑙,1

∗ =
𝜔2(𝑟2

2−𝑟1
2)

2𝑐𝑝
                                            (15) 

When the air flows out along the radial direction 

(i.e. 𝑟 1  <  𝑟 2 ), the temperature drop of the air flow 

increases with the increase in the radial flow and the 

turbine disc speed. This phenomenon indicates that the 

flow along the radius is important for the rotational 

cooling effect. Conversely, a flow against the radius 

results in an increase in relative total temperature and 

entropy production. 

At the outlet of the receiver hole, the rotor–stator 

cavity 1 coolant is mixed with the inner cavity coolant. In 

the receiver holes, the swirl ratio of the coolant is one. 

After mixing with the coolant in the inner cavity, a large 
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local loss and an entropy increase are inevitably generated, 

and the swirl ratio will also cause a certain influence. 

The circumferential momentum is considered to be 

conserved under ideal conditions without regard to the loss 

along the path and the local loss. 

𝑚𝑟ℎ𝑉𝜑,𝑟ℎ + 𝑚𝑖𝑐𝑉𝜑,𝑖𝑐 = (𝑚𝑟ℎ + 𝑚𝑖𝑐)𝑉𝜑,𝑚𝑖𝑥                (16) 

where 𝑚𝑟ℎ  and 𝑚𝑖𝑐  represent the mass flow of coolant 

through the receiver holes. In the inner cavity, 𝑉𝜑,𝑟ℎ and 

𝑉𝜑,𝑖𝑐 represent the circumferential velocity components of 

coolant at the receiver hole outlet and in the inner cavity, 

respectively, and 𝑉𝜑,𝑚𝑖𝑥  represents the circumferential 

velocity components of the mixture in the inner cavity. 

This can be obtained by combining the formula for 

the swirl ratio (5), as follows: 

𝑚𝑟ℎ𝑆𝑟𝑟ℎ + 𝑚𝑖𝑐𝑆𝑟𝑖𝑐 = (𝑚𝑟ℎ + 𝑚𝑖𝑐)𝑆𝑟𝑚𝑖𝑥                    (17) 

where 𝑆𝑟𝑟ℎ represents the swirl ratio of the coolant at the 

outlet of the receiver hole, 𝑆𝑟𝑖𝑐  represents the swirl ratio 

of the coolant in the inner cavity, and 𝑆𝑟𝑚𝑖𝑥  represents the 

swirl ratio of the mixed coolant. 

In the two different inlet modes, 𝑚2 > 𝑚1in Case1 

results in a higher degree of influence of 𝑆𝑟𝑖𝑐  on 𝑆𝑟𝑚𝑖𝑥  

than that of the same mass flow in each rotating cavity in 

Case2. Similarly, the total temperature of the mixture is 

more sensitive to the change in the total temperature in the 

inner cavity. In general, the swirl ratio in the inner cavity 

will be lower than is ideal due to losses caused by viscous 

resistance, etc. The swirl ratio of the coolant in the receiver 

hole is one, which significantly improves the flow state of 

the coolant in the inner cavity. 

This can be obtained by combining formula (13) and 

formula (14), as follows: 

𝑚𝑟ℎ𝑐𝑝𝑇𝑟ℎ
∗ + 𝑚𝑖𝑐𝑐𝑝𝑇𝑖𝑐

∗ = (𝑚𝑟ℎ + 𝑚𝑖𝑐)𝑐𝑝𝑇𝑚𝑖𝑥
∗             (18) 

where 𝑇𝑟ℎ
∗  represents the total temperature of the coolant 

at the outlet of the receiver hole, 𝑇𝑖𝑐
∗  represents the total 

temperature of the coolant in the inner cavity, and 𝑇𝑚𝑖𝑥
∗  

represents the total temperature of the mixed coolant. 

The total temperature of the coolant at the nozzle 

outlet in Case2 is relatively low. Also, the total temperature 

of the coolant in Case1 is inevitably higher than that in 

Case2, due to the viscous resistance during radial outflow. 

In both cases, as a result of the high local loss at the 

receiver hole and heat transfer at the top of the rotor, the 

total temperature of the coolant passing through the 

receiver hole is inevitably higher than that of the coolant 

in the inner cavity, and the relative total temperature rise 

of the air flow after mixing is also higher. This is 

disadvantageous to the cooling of the large-radius rotor. In 

contrast, the cooling efficacy of the large-radius pre-swirl 

inlet approach is conspicuously superior to that of the 

central inlet mode. It can effectively lower the total 

temperature of the coolant at the receiver hole and mitigate 

the impact of the increasing temperature of the mixture 

within the inner cavity, thereby enhancing the cooling 

efficiency.  

4. RESULTS AND DISCUSSION 

4.1 Flow and Heat Transfer Characteristics 

As shown in Fig. 8, in Case1, the impact wall of the 

coolant in the axial channel at the bottom of the rotating 

cavity forms a more sufficient disturbance vortex, and the 

angle of the coolant in the axial channel with the direction 

of temperature field changes over time. Therefore, the jet 

impinges on the back wall of the rotating cavity, forming 

a region where the β between the axial channel and the 

entrance of the three rotating cavities is small. After 

entering the rotating cavities, the coolant is purged to a 

high radius position under the action of centrifugal force 

and Coriolis force. Interestingly, the coolant creates a 

disturbance at the static wall in the two rotating disc 

cavities, resulting in a low FSA region in a smaller area. 

In Case2, this is different. Due to the high pre-swirl of the  

 
Fig. 8 FSA distribution of (a) Case1 and (b) Case2 

(a) 

(b) 



Y. T. Guo et al. / JAFM, Vol. 18, No. 4, pp. 933-946, 2025.  

 

940 

 
(a)                                               (b) 

Fig. 9 Temperature distribution on the disc edge of (a) Case1 and (b) Case2 

 
two rotor–stator cavities, the coolant flows through the 

pre-swirl nozzles on both sides to form jets impacting the 

outer wall of the turbine disc, and deflects upward to form 

two disturbance vortices, resulting in a large region with a 

small FSA value at a large radius. In addition, at the 

narrow entrance of the inner cavity, the air flow is 

restricted and there are strong turbulence and boundary 

layer effects. Turbulence destroys the rotational structure 

of the air flow, making the air flow unable to fully expand 

and rotate. This also results in smaller FSA values. It is 

worth noting that both cases produce small FSA values at 

the entrance, channel, and outlet of the receiver holes. In 

Case2, due to the influence of the large-radius inlet pre-

swirl mode, the region formed is larger and more evident. 

Since the turbine disc has a large temperature gradient at 

the high radius position, the low FSA region generated at 

the high radius position is conducive to improving the 

cooling effect of the turbine disc. 

Figure 9 displays the temperature distribution on the 

disc edge. On the disc's edge, the temperature distribution 

is essentially symmetrical. The maximum temperature can 

be found at the edge of the disc near the front web. The 

maximum temperature of the disc edge is not significantly 

different under the computed working conditions. In 

Case1, the disc edge with the sealed slit outlet cooled more 

effectively, whereas, in Case2, the temperature was lower 

close to the outlet-mid in the disc edge's center. This is 

because, as the coolant enters the turbine cavity from the 

axial inlet at the bottom of the turbine disc, it flows more 

freely into the rotor–stator cavity 2 in Case1, which results 

in a superior cooling performance. Furthermore, the 

greater axial temperature gradient of the disc edge is 

brought about by the increased coolant flow rate in rotor–

stator cavity 2 in Case1, particularly within the gas supply 

hole to the back web disc edge. 

The convective heat transfer coefficients near the 

front and rear web inner and outer walls are illustrated in 

Fig. 10. It is evident from Fig. 10 (a) and (b) that, in the 

two rotor–stator cavities, Case1 exhibits a significantly 

higher convective heat transfer coefficient than Case2. 

This can be attributed to the fact that, in Case1, the coolant 

flows in from the inlet-mid, resulting in a radial flow that 

induces stronger shear and disturbance at the wall surface, 

thereby enhancing the convective heat transfer coefficient. 

This effect is particularly pronounced in rotor–stator 

cavity 2, where the mass flow and the velocity of coolant 

are higher. However, both cases exhibit a trend of an 

initially increasing convective heat transfer coefficient and 

then a decreasing convective heat transfer coefficient 

within rotor–stator cavity 1, due to the convergence of the 

coolant at the receiver hole, leading to a small oscillation.  

On the contrary, in the inner cavity, due to the low 

and uneven flow in the inner cavity of Case1, the 

convective heat transfer coefficient is lower than that in 

Case2. The presence of a standing vortex under the 

receiver hole also contributes to significant oscillations in 

convective heat transfer coefficient. The decrease in 

convective heat transfer coefficient at high radius 

positions hinders improvements in cooling efficiency. 

The Nusselt numbers of the outer wall of the front 

web, inner wall of the front web, inner wall of the back 

web, and outer wall of the back web are shown in Fig. 11. 

Likewise, owing to a more pronounced temperature 

gradient at the disc edge, there is a discernible radial 

increase in Nusselt numbers across all four walls. A 

notable difference is that, within rotor–stator cavity 1, the 

high pre-swirl ratio in Case2 generates a jet, impacting its 

wall surface; meanwhile, the converging coolant from 

below creates a localized peak in Nusselt numbers. 

In Case1, coolants exhibit axial velocity upon 

entering an internal cavity, where they initially impact its 

back web inner wall surface, causing deflection. This is 

also shown in Fig. 10(d) that the convective heat transfer 

coefficient of Case1 is higher at the low radius position. 

Furthermore, along the radial flow direction, the axial 

velocity of the coolant gradually decreases, and the 

coolant is separated from the inner wall of the back web, 

resulting in a unique trend; the Nusselt number on the back 

web first decreases and then increases, while the Nusselt 

number on the inner wall of the front web increases. 

Conversely, for Case2, coolants flow radially within an 

internal cavity, yielding relatively uniform Nusselt 

distributions across both surfaces therein. Similarly, both 

cases experience localized drops downstream of their 

respective outlet holes, attributed to angular viscous 

dissipation stemming from turbulent backflows. 
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Fig. 10 Convective heat transfer coefficients near the (a) front web outer wall, (b) bank web outer wall, (c) front 

web inner wall, and (d) back web inner wall 

 

 

(a)                                               (b) 

Fig. 11 Nusselt number of (a) Case1 and (b) Case2 

 
4.2 Effect of Operating Conditions 

The turbulence parameter, 𝜆𝑇 , which is crucial for 

regulating the temperature and flow heat transfer in the 

disc surface, has been extensively employed in rotating 

cavity research (Bai et al., 2022). It is also the control 

parameter for the fluid flow line structure in the disc 

cavity. 

We examined the independent impacts of 

dimensionless mass flow and rotational Reynolds number 

on turbine disc temperature. Furthermore, under the same 

turbulence settings, the sensitivity of the heat transfer 

characteristics to these two parameters’ impacts was also 

studied. 

4.2 1 Effect of the dimensionless mass flow 

The rotating cavities’ coolant flow condition in 

Case1, as depicted in Fig. 12, varies as the dimensionless 

mass flow rate increases. Due to the entrainment effect, 

the majority of the airflow will swiftly reach the rotor 

surface boundary layer as it enters the rotor–stator cavity. 

Afterwards, the air flow expands radially outward, 

forming a high-radius core region where a ring vortex is 

present. The air flow in the annular vortex in the core 

region is mostly circumferential and has a radial velocity 

of about zero. The temperature distribution in rotor–stator 

cavity 1 increases as a result of increased coolant 

distribution into the inner cavity and rotor–stator cavity 2,  

(a) (b) 

(c) (d) 
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Fig. 12 Temperature distribution under different dimensionless mass flow rates 

 

 
Fig. 13 Temperature distribution under different rotational Reynolds numbers 

 

but there is a notable decrease in the angular vortex at the 

high-radius position and a significant reduction in the 

high-temperature region. Additionally, in rotor–stator 

cavity 2, the influence of jet momentum on the coolant 

flow characteristics within the cavity keeps growing. This 

results in increased turbulence at the cavity’s inlet and the 

boundary layer, which generates more eddy currents 

outside the stator surface’s boundary layer. This increases 

energy loss but also greatly enhances cooling efficiency. 

In Case2, the uniform flow rate makes the local high 

temperature region in the partial rotating cavity 

significantly decrease. The pre-swirling jet’s impact on the 

flow condition in the rotor–stator cavity increases 

dramatically as the inlet flow rate rises. A pair of 

neighbouring but opposing vortices form at the large-

radius jet outlet in rotor–stator cavity 1 as a result of the 

receiver hole’s action, and one of them enters the inner 

cavity through the receiver hole. Secondary flow is also 

produced by the jet’s impact on the turbine disc’s outer 

wall, which is often the area most impacted by the pre-

swirling jet’s impact. Similar to this, a disturbance vortex 

also forms at the high-radius site of the jet’s impact in 

rotor–stator cavity 2, as a result of the radial outflow. The 

effect of the jet’s impact is much enhanced and the 

temperature distribution within the cavity is greatly 

improved with an increase in the inlet flow rate. This is 

particularly evident at high-radius positions, particularly 

those with higher nozzle exits. 

4.2.2 Effect of the Rotational Reynolds Number 

The distribution of swirl ratio in the disc cavity with 

the variation in rotational Reynolds number is shown in 

Fig. 13. In Case1, the axial jet strikes the back wall, 

creating a region near the entry with a comparatively high 

local swirl. The rotor entrainment effect steadily increases, 

and the local high swirl ratio region gradually decreases as 

the rotational Reynolds number increases. As the flow 

area approaches the rotor surface in rotor–stator cavity 2, 

the swirl ratio rises. The result of flow entrainment at 

various points within the rotor–stator cavity and along the 

formed turbulent boundary layer on the revolving disc 

have distinct flow characteristics. It is important to note 

that the receiver hole’s action causes the swirl ratio in 

rotor–stator cavity 1 to increase as the radial height 

increases. In Case2, the swirl ratio of the two rotor–stator 

cavities gradually reduce as the rotational Reynolds  
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Fig. 14 Normalized temperature changes with 

turbulence parameter  

 

number increases. However, the inner cavity’s swirl ratio 

progressively rises as a result of the receiver hole’s 

constraint. Additionally, the swirl ratio in the core region 

will fall first because of the impact of the Ekman layer 

close to the rotating disc. The inner cavity’s swirl ratio 

exhibits a lower, middle, and higher two-side trend. 

Interestingly, as 𝜆𝑇  becomes larger, the jet’s effect 

becomes more significant, while the effect of rotor 

entrainment is slightly weakened. As the turbulence 

parameter of Case1 increases, the tangential velocity 

component associated with cooling air near the rotor 

surface is usually higher than the local rotor speed. In this 

case, the cooling air is sufficient to maintain the Ekman 

layer associated with the rotor, the rotor contains only a 

small amount of circulating air, and the flow 

characteristics are dominated by jet momentum, which is 

particularly evident in the inner cavity and rotor–stator 

cavity 2. However, the coolant in rotor–stator cavity 1 

exhibits different flow characteristics due to the uneven 

structure of the cavity and the subsequent flow 

distribution. In Case2, the increasing influence of jet 

momentum on flow characteristics is more evident. In 

addition, the relative influence of rotor entrainment is 

reduced, so that the local surface heat flux characteristics 

are determined mainly by the trajectory and distribution of 

the fluid originating in the pre-swirling jet. 

4.2.3 Effect of the Turbulence Parameter 

Figure 14 displays the normalized temperature. 

 

𝐶𝑎𝑠𝑒1
𝐶 and 𝐶𝑎𝑠𝑒1

𝑅  represent the change curves of Case1 

with dimensionless mass flow and rotational Reynolds 

number, respectively, and 𝐶𝑎𝑠𝑒2
𝐶  and 𝐶𝑎𝑠𝑒2

𝑅 are the same. 

Both situations have a similar change trend. While the 

maximum temperature gradually drops with an increasing 

dimensionless mass flow, this decreasing trend also 

gradually reduces. It is worth noting that the cooling effect 

of Case2 is much stronger than that of Case1. In 

combination with Fig. 12 and Fig. 13, this is due to the 

inlet vortex generated by the axial inlet in rotor–stator 

cavity 1, which hinders the inflow of the coolant. More 

coolant flows into the inner cavity and rotor-stator cavity 

2, resulting in a relatively poor cooling effect on the front 

web wall, thus limiting further temperature reduction. 

Both cases tend to show a decrease first and then an 

increase with an increase in the rotational Reynolds 

number, which is because most of the swirl ratio 

distribution of the coolant in the cavity gradually 

decreases with the increase in the rotor speed. When the 

swirl ratio is close to one, the relative movement between 

the coolant and the rotor is small, and the friction loss is 

low. In general, the twin-web turbine disc cavity systems 

with a large-radius inlet pre-swirl mode have better 

cooling effects. 

Fascinatingly, the normalized temperature changes 

tend to flatten off gradually as turbulence parameters 

grow. Furthermore, a change in the rotational Reynolds 

number can significantly affect the turbine disc 

temperature when the turbulence parameters are minimal. 

A big oscillation in temperature will result from a minor 

oscillation in rotational Reynolds number under the same 

turbulence settings. The jet impact becomes more 

pronounced as turbulence parameters rise, and 

dimensionless mass flow plays a bigger and bigger part in 

regulating flow and heat transfer, as well as progressively 

taking the lead in determining turbine disc temperature. 

The temperature changes clearly show this. 

The variation in the radial temperature non-

uniformity coefficient with the dimensionless mass flow 

and rotational Reynolds number is shown in Fig.15. The 

subscript 1 is the feature point of Case1, and the subscript 

2 is the feature point of Case2.Generally speaking, the 

variation in the radial temperature uniformity of the inner 

and outer walls of the TWD is the same in the two inlet 

modes. In particular, Fig. 15 (a) shows a rapid decline  

 

 
(a)                                                               (b) 

Fig. 15 Radial temperature non-uniformity coefficient changes with changes in (a) dimensionless mass flow and 

(b) rotational Reynolds number 
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followed by a gradual levelling off. Notably, Case2 

exhibits better radial temperature uniformity following the 

increase in dimensionless mass flow rate and rotational 

Reynolds number. In particular, in Fig. 15 (b), compared 

with feature points A1 and D1, points A2 and D2 decrease 

by 63% and 44%, respectively. This indicates that the 

large-radius inlet pre-swirl mode results in lower local 

thermal stress. In the inner cavity, a jet is formed at the 

outlet of the receiver holes, which will result in a better 

cooling effect on the back wall of the inner cavity. 

However, standing vortices are formed at the large-radius 

outlet of the receiver hole, which is also the reason for the 

relatively extreme temperature non-uniformity 

coefficients at points B and C in the two different inlet 

modes. 

4. CONCLUSION 

In this paper, a twin-web turbine disc with a single 

side receiver hole is established. Through theoretical 

analysis and numerical simulation, the effects of two 

different coolant inlet modes, a high radius inlet pre-swirl 

mode and a central inlet mode on the flow and heat transfer 

characteristics of the disc cavity were studied. The main 

conclusions and findings of the study are as follows. 

1. The two different inlet modes have different 

influences on the cooling performance of the turbine disc. 

The central inlet mode results in an uneven coolant flow 

distribution in each rotating cavity, resulting in a higher 

convective heat transfer coefficient and a higher Nusselt 

number in the two rotor–stator cavities. However, the 

large-radius inlet pre-swirl mode generates disturbance 

vortices in the high-radius area, which improves the 

cooling effect in the high-temperature area and can 

effectively improve the flow state and heat transfer in the 

inner cavity. 

2. The coolant flow characteristics in the rotating 

cavity change significantly with the change in operating 

conditions. With an increase in the dimensionless mass 

flow rate, the jet effect becomes significant, which 

improves the cooling efficiency but also increases energy 

loss. In Case1, the impact of uneven flow is more severe, 

while, in Case2, the enhancement of pre-swirling jet 

significantly reduces the local high-temperature region. 

With an increase in the rotational Reynolds number, the 

entrainment effect of the rotor is enhanced, gradually 

replacing the jet momentum as the dominant factor of the 

flow state in the disc cavity, leading to the swirl ratio in 

the disc cavity being gradually reduced. 

3. The variation in dimensionless temperature and 

radial temperature uniformity with the change in operating 

conditions is similar in the two inlet modes. With an 

increase in turbulence parameters, the jet effect replaces 

the rotor entrainment effect as the main driving force for 

regulating heat transfer, which makes the normalized 

temperature change and the radial temperature non-

uniformity coefficient smooth. In contrast, Case2 has 

better cooling performance. 

It is worth noting that this paper mainly focuses on the 

inlet modes of the coolant, and only gives a limited 

description of the twin-web turbine disc cavity. In future 

works, a more comprehensive analysis should be carried 

out, taking into account real operating conditions. 

However, this study generates valuable insights that 

provide a research basis for the optimal design of the disc 

cavity of a twin-web turbine. 
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