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ABSTRACT 

Annular S-shaped intermediate turbine ducts (ITD) are 

used in modern turbofan engines with large by-pass ratios. The 

gas exits the high-pressure turbine and enters the low-pressure 

turbine via this ITD. To reduce the weight of the engine, the 

ITD should be as short as possible, when keeping the loss at 

acceptable level. 

This paper focus on the transportation of the inlet vortices 

in ITD by numerical methods. To obtain a better 

understanding of the flow mechanism, various isolated vortex 

is applied at the inlet of the ITD, and the transportations of the 

vortices and the loss mechanism are investigated. Then, the 

vortex structures, such as the tip leakage vortex and the wakes, 

are obtained based on a cascade model. Based on the flow field 

at the exit of the cascade, the inflow condition for the ITD was 

setup. In order to understand the details of flow physics, the 

scalar tracking method was used to show the transportation of 

vortices. The loss mechanism of ITD is also explained. 

INTRODUCTION 

Modern turbofan engines typically have high bypass 

ratios, annular S-shaped intermediate turbine ducts (ITD) are 

used to connect the high pressure turbine with the low pressure 

turbine. Due to cost and weight, the ITD have to be shorter, 

leading to aggressive S-shaped duct geometries.  

In order to obtain good performance for ITDs, a better 

understanding of the flow physics in ITDs is required. Because 

of the existence of streamwise pressure gradient and radial 

pressure gradient, the development of boundary layers, wake 

and vortices becomes very complex, so it is hard to obtain the 

full picture of the flow in the duct. 

Many people studied the aerodynamic performance of 

ITD. (Hu et al., 2010; Zhang et al., 2010) reported that the 

endwall static pressure distribution was significantly 

influenced by the local curvature distribution and the strong 

adverse pressure gradient along ITD endwalls caused the 

boundary layer separation. They also found that the low 

momentum flow was driven by the radial pressure gradient 

and migrates through the wake.  

(Dominy and Kirkham, 1995) investigated the influence 

of blade wakes on the performance of ITD. They found that 

both the hub and casing boundary layers have been influenced 

by radial flows within the wakes and the strong secondary 

flows will significantly lead to total pressure distortions. It was 

also found the influence of the wake induced secondary flows 

within an S-shaped duct upon the overall performance of the 

diffuser is slight (Dominy and Kirkham, 1996). Compared to 

a wake-free case, there is no change in the surface static 

pressure distribution. This means that the wake doesn’t 

generate additional loss, just leads to a redistribution of loss 

occurs (Dominy et al., 1998). 

The experiment to investigate the influence of blade tip 

gap variation on the performance of an aggressive 

intermediate turbine duct has been conducted by (Marn et al., 

2007a and 2007b). Numerical studies were done by (Sanz et 

al., 2009). Significant influence due to tip leakage vortex was 

observed in the flow field within the entire duct. The tip 

leakage vortex will lead to larger loss production. At the same 

time, it has a positive influence on the pressure recovery on 

the casing boundary layer.  

(Axelsson and George, 2008) presented a research about 

the dissipation in the ITD. (Axelsson and Johansson, 2008; 

Axelsson et al., 2007) carried out an experiment to investigate 

the time-averaged mean flow field and turbulence 

development in the ITD. Furthermore, (Miller et al., 2004) 

investigated the vane/vortex interaction with a low aspect ratio 

downstream LPT vanes installed within the ITD. Results 

showed that the structure of secondary flow in the low aspect 

ratio vane was changed significantly in the presence of the 

upstream stage. (Miller et al., 2003) performed measurements 

downstream of a single-stage transonic HPT stage to examine 

the migration and dissipation of flow phenomena within an 

ITD. The results showed that the inlet flow to LPT vane is 

dominated by two counter-rotating streamwise vortices, the 

first was caused by tip leakage vortex, and the second was 

caused by the hub secondary vortex.  

Much work has been performed to investigate the 

influence and development of the boundary layers, vortices 

and wake in the ITD, but the detail of the migration and 

dissipation of vortices and wake in ITD are rarely investigated.  

In current study, the development of flow with wake and 

vortices in ITD was investigated. A numerical study was 
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conducted to get a better understanding of the development of 

isolated vortex in ITD. Three different inlet conditions with 

isolate vortex placed at different height were introduced. The 

results is then used to analyze the loss production, vorticity 

dissipation, the interaction of vortices and boundary layers.  

In order to observe the migration of flow phenomena clearly, 

scalar tracking method was used to mark the vortices, wake 

and boundary layers. 

 

GEOMETRIC 

The profile of the ITD and the computation domain is 

shown in Figure 1. 11 cut planes shown in Figure 1a are used 

to divide the ITD to 10 parts. X0 is at the ITD inlet and X7 is 

at the ITD outlet. The part from X0 to X3 is called the first 

bend. The second bend is the part from X4 to X7. The last part 

of the computation domain is used to get a mixed-out outlet 

condition. As shown in Figure 1b, 1/28 of the whole annulus 

is studied. The geometric parameters are shown in Table 1. 

 

(a) Duct Profile 

 

(b) Computational Domain 

Figure 1 Duct Profile and Computational Domain 

 

Table 1 Geometric Parameters of ITD 

Inlet Hub Radii(mm) 333 

Inlet Casing Radii(mm) 417 

Outlet Hub Radii(mm) 489 

Outlet Casing Radii(mm) 564 

 

SOLVER, TURBULENCE MODEL AND GRID-
INDEPENDENCY STUDY 

The numerical simulation was conducted with Ansys 

Fluent. Steady RANS equations are solved in the calculation. 

The turbulence model is a two-equation k-w shear stress 

transport (kw-sst) model (Mentor, 1994). This turbulence 

model is widely used to predict the flow with strong pressure 

gradient and is found to be able to predict flow features with 

strong shear stress. The results predicted by this turbulence 

model were found to agree well with the experimental results 

in previous publications, e.g. (Zhang et al., 2010). 

 

Figure 2 Mesh Dependency Study 

 

The result of the mesh dependency study is shown in 

Figure 2. The relation between total pressure loss and mesh 

elements number are presented. The total pressure loss is 

defined as: 

𝐿𝑜𝑠𝑠 =
𝑝0,1 − 𝑝0,2

𝑝0,1 − 𝑝1
  (1) 

where 𝑝0,1, 𝑝0,2 are the averaged total pressure at the ITD 

inlet(X0) and outlet(X7), and 𝑝1  is the averaged static 

pressure at the ITD inlet. 

The basic mesh is 1.1 million elements mesh generated 

by Ansys Icem. Seven different meshes are generated. The 

duct loss varies when the total grid number is lower than 0.8 

million. When the total grid number is higher than 0.8 million, 

the loss is almost constant. So the mesh number of 1.1 million 

is used for later study. For this mesh, the wall 𝑌+ is below 

1.0 and the growth factor is less than 1.2, which meets the 

requirements recommended by for the kw-sst model. 

VALIDATION 
Figure 3 presents the CFD results of pitchwise mass-

averaged static pressure coefficient (Cps) inside the ITD and 

along the ITD endwalls. 

The experiment data of endwalls’ Cps (Hu et al., 2011) is 

also shown in this Figure 3. The axial positions 0 and 1 in 

Figure 3 represents the inlet and exit of the duct. The Cps is 

defined as: 

𝐶𝑝𝑠 =
𝑝 − 𝑝ref

1
2

𝜌𝑣𝑟𝑒𝑓
2

  (2) 

where 𝑝 is the local static pressure, 𝑝ref is the averaged inlet 

static pressure and 𝑣ref is the averaged inlet velocity. 

As shown in Figure 3, the CFD predicts the static pressure 

distribution very well. The difference between CFD and 
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experimental appears near the first bend which may be caused 

by the small difference in the ITD geometries used in the CFD 

and experimental.  

 

Figure 3 Static Pressure Coefficients along the Hub 
and Casing of ITD 

 

Along the hub, an adverse pressure gradient appears 

upstream of the first bend. Downstream of this position, the 

pressure gradient becomes nearly zero. After this, positive 

pressure gradient appear until the middle of the second bend. 

Downstream of it, adverse pressure gradient exists from the 

second bend to the exit. For the current ITD, no evident 

separation occurs near the surfaces. 

Along the casing, there is a positive pressure gradient 

upstream of the first bend, followed by a strong adverse 

pressure gradient between the first and second bends. Then, a 

weak positive pressure gradient until the exit. The strong 

adverse pressure gradient along the casing results in an 

increase of the boundary layer thickness. From the 

distributions of Cps in Figure 3, the static pressure at the 

casing is lower than hub at the first bend due to the endwall 

curvature. But at the second bend, the static pressure at the 

casing is higher than that at the hub. These radial pressure 

gradients tend to drive low momentum fluid radially. 

MIGRATION AND DISSIPATION OF ISOLATED 
VORTEX IN THE ITD 

Before the investigation of complex inlet condition, 

simple cases with isolated vortex defined at the inlet is studied 

to obtain a fundamental understanding of the migration, loss 

production and vorticity dissipation of vortex in ITD. 

A vortex similar to Rankine-vortex is defined at the inlet 

of ITD. In a cylindrical coordinate system based on the vortex 

center point and axial direction, the vortex has the same axial 

velocity as the main flow. The radial velocity is zero and its 

circumferential velocity distribute as: 

ν = {

𝑆ν ∙ 𝑟

𝑅
𝑆ν ∙ 𝑅2

𝑟2

  𝑆ν = 24𝑚 𝑠⁄ , 𝑅 = 0.01𝑚  (3) 

where 𝑟 means the distance from the center of the vortex. 

Several cases with different vortex height are calculated. 

Bottom vortex is defined at 18% normalized inlet height, 

middle vortex is defined at 50% and top vortex is defined at 

82% normalized inlet height. 

Figure 4 presents the distributions of the streamwise 

vorticity coefficient for four cases. The streamwise vorticity is 

defined as: 

𝜔𝑠 =
𝜔𝑥𝑉𝑥 + 𝜔𝑦𝑉𝑦 + 𝜔𝑧𝑉𝑧

√𝑉𝑥
2 + 𝑉𝑦

2 + 𝑉𝑦
2

  (4) 

The streamwise vorticity coefficient C𝑤𝑠 , is the 

normalized streamwise vorticity. Figure 4a and 4b show that 

either positive or negative isolated vortex in ITD leads to 

similar flow phenomena. As shown in Figure 5, it can be 

observed that the height of the clockwise and anticlockwise 

vortex are similar within ITD. So only the case with a positive 

vortex will be discussed later. 

When the original vortex is placed at the casing and hub 

area, it can be found that a negative vortex is induced from the 

boundary layer. This induced vortex then rotates around the 

original vortex as it transports downstream. The details of the 

migration of original vortex in the radial direction is shown in 

Figure 5. Near the inlet from X0 to X1, all vortices slightly 

move upward to the casing. Then, from X2 to X4, the middle 

and top vortex goes downward, the bottom vortex slightly 

transports towards the hub. Further downstream from X5 to 

X7, the middle and top vortex move upward to the casing, 

especially the bottom vortex.  

The radial position of the vortex is related to the change 

of boundary layers thickness. From X0 to X1, the thickness of 

the hub boundary layer increases but the casing boundary 

layer thickness remains almost the same. Due to the increased 

blockage effect near the hub, the vortices moves towards the 

casing. From X2 to X4, the adverse pressure gradient near the 

casing increases the casing boundary layer thickness. 

Meanwhile, the blockage effect of the casing boundary layer 

pushes the vortices towards the hub. From X5 to X7, the 

thickness of hub boundary layer increases, as a result, the 

vortices moves towards the casing. In general, the increase of 

boundary layer thickness results in the radial movement of 

vortex relative to the center line of the ITD. When hub 

boundary layer thickness increases, the vortices moves 

towards the casing, and vice versa. Additionally, in the first 

bend area, the hub pressure is higher than that near the casing, 

but the vortex move downward in this area. In the second 

bend, the radial pressure gradient is from the casing to the hub, 

but the movement of vortex is opposite. So, the radial pressure 

gradient has very small influence on the radial movement of 

the vortices. 
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(a)Bottom Vortex, Clockwise Rotation                 (b)Bottom Vortex, Anticlockwise Rotation 

 

 
 

(c)Middle Vortex, Clockwise Rotation                  (d)Top Vortex, Clockwise Rotation 

Figure 4 Streamwise Vorticity Coefficient Contours with Isolated Vortex Inlet 

 

 

Figure 5 Variation of Normalized Vortex Height in 
ITD 

 

Figure 6a shows the total pressure unit loss along the duct. 

The unit loss between two planes (Xi to Xj) is defined in 

Equation (5): 

𝑈𝑛𝑖𝑡 𝐿𝑜𝑠𝑠 =
𝑃0,𝑋𝑖 − 𝑃0,𝑋𝑗

(𝑃0,𝑋0 − 𝑃0,𝑋7) ∙ 𝐿𝑖−𝑗
  (5)  

where 𝑃0,𝑋𝑖 means the averaged total pressure in cut plane Xi, 

𝐿𝑖−𝑗 means the streamwise distance between cut plane Xi and 

Xj. This is defined to quantify the ability of loss production per 

unit streamwise length in ITD.  

For the bottom vortex case, the part from X1 to X2 has the 

highest unit loss. For the top vortex case, the unit loss from X2 

to X3 is the highest. For the middle vortex case, the maximum 

unit loss is found at part X5-X6.  

In order to observe the difference clearly, the middle 

vortex case is used as the reference case. Figure 7b shows the 

unit loss difference between top vortex case, bottom vortex 

case and middle vortex case. In this Figure, the bottom-middle 

difference gets its maximum at part X1-X2, and the top-middle 

difference gets its maximum at part X2-X3. As shown in Figure 

4 and Figure 5, in the part X1-X2, the hub boundary layer 

becomes thicker, and the bottom vortex is near to the hub 

boundary layer, the interaction of them leads to high unit loss. 

The same thing happened in the part X2-X3, the interaction of 

casing thick boundary layer and the top vortex leads to high 

unit loss. It could be concluded that the thick boundary layer 
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(large amount of low momentum flow) interacts with a near 

enough and strong enough vortex, leading to high unit loss. 

 

 

(a)Unit Loss, Isolated Vortex 

 

(b)Unit Loss Difference, Isolated Vortex 

Figure 6 Total Pressure Unit Loss, Isolated Vortex 
Inlet 

 

Additionally, the vortex effect can be divided into two 

part, one is axial velocity defect, and the other is swirl velocity 

(C. Huang et al., 2013). The isolated vortex set in the inlet has 

the same axial velocity as main flow, so it only has swirl effect. 

The swirl effect is directly related to the vortex’s vorticity. The 

decay of vorticity is fast, so the high unit loss appears in the 

front part of the ITD where the swirl effect is strong enough. 

For both bottom vortex and top vortex case, due to the 

dissipation of vortex, the unit loss decreases after the peak. 

 

MIGRATION AND DISSIPATION OF ‘REAL’ 

VORTICES STRUCTURE IN THE ITD 

‘REAL’ INLET CONDITION SETTING 

In this section, the ‘Real’ inlet condition for the ITD is 

simulated based on the flow field of a linear cascade. The cut-

plane is 20% axial chord length downstream of the trailing 

edge. Figure 7 presents the total pressure coefficient of cascade 

cut-plane and ITD inlet, the total pressure coefficient is defined 

as: 

𝐶𝑝0 =
𝑝0 − 𝑝0,ref

1
2

𝜌𝑣𝑟𝑒𝑓
2

  (6) 

where 𝑝0  is the local total pressure, 𝑝0,ref  is the averaged 

inlet total pressure and 𝑣ref is the averaged inlet velocity.  

In this study, the flow enters the ITD without swirl 

velocity, so only the tangential and radial velocity at the exit of 

the cascade is interpolated. The total pressure coefficient 

distribution of the ITD inlet is similar as shown in Figure 7. 

 

(a) Cascade Exit              (b) ITD inlet 

Figure 7 Total Pressure Contours of Cascade Cut-
plane and ITD Inlet 

 

SCALAR TRACKING METHOD 
There are boundary layers, wakes and several vortices at 

the inlet of the ITD. In order to obtain a better understanding 

of the flow transportation in the ITD, scalar tracking method is 

used in the current paper. The method is briefly introduced as 

follows. Using User-define-function in Fluent, the scalar 

function is defined as follows: 

𝜕𝜌∅𝑘

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖∅𝑘 − Γ𝑘

𝜕∅𝑘

𝜕𝑥𝑖
) = 𝑆∅𝑘

  𝑘 = 1, … . . , 𝑁  (7) 

where ∅𝑘  is scalar term, Γ𝑘  and  𝑆∅𝑘
 are the diffusion 

coefficient and source term supplied by user for each of the 𝑁 

scalar equations. Note that Γ𝑘 is defined as a tensor in case of 

anisotropic diffusivity. The diffusion term is ∇ ∙ (Γ𝑘 ∙ ∅𝑘).  

For steady-state case without diffusion and source term, 

the function becomes: 

𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖∅𝑘) = 0    𝑘 = 1, … . . , 𝑁  (8) 

There is only one term left, which is convective flux 

computed with mass flow rate. This term helps to track the 

initial flow phenomena within the ITD. In order to quantify the 

variation of several critical physical parameters, a scalar 

concentration averaged variable is defined as: 

𝑉𝑎𝑟̅̅ ̅̅ ̅ =
∫ ∅ ∙ 𝑉𝑎𝑟 ∙ 𝑑𝑚

∫ ∅ ∙ 𝑑𝑚
  (9) 

Figure 8 shows the ITD inlet velocity vectors. There are 

several critical flow structures, which are defined by UDS 

contours as shown in Figure 9. The casing and the hub 

boundary layers, wake and vortices such as tip leakage vortex 

(TLV), casing passage vortex (CPV) and hub passage vortex 

(HPV). Eight areas are defined with eight different scalars for 

the flow tracking. The initial concentration of the scalar is set 
to 1 (kg−1) at the inlet of ITD. With different scalars, it is 
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possible to track the flow from a combination of different 
inlet flow structures. 

 

Figure 8 Velocity Vectors of ITD Inlet 

 

Figure 9 Scalar Contour at ITD Inlet 

 

FLOW TRANSPORTATION 

The transportation of the flow in ITD is illustrated by 

scalar in Figure 10. Figure 10a shows the transportation of the 

scalar from all eight areas. It can be seen that the phenomena is 

quite complex.  

To obtain a better understanding, the transportation of the 

casing flow and the wake is shown in Figure 10b, and the 

transportation of the hub vortex is shown in Figure 10c. In 

Figure 10b, due to the radial pressure gradient at the first bend, 

the wake flow moves upwards to the casing. This agrees with 

results by (Hu et al., 2010). Then the wake mixes and merges 

into the casing boundary layer. Downstream of this location at 

the second bend, the radial pressure gradient is in an opposite 

direction toward the hub, which drives the low momentum flow 

in casing area to move to the hub. The tip leakage vortex is 

clockwise, and induces the low momentum flow in casing area 

to move to right and then towards the hub. Due to this effect, 

the low momentum flow does not transports down along the 

original wake area, it moves towards the hub at the right of tip 

leakage vortex.   

Figure 11 shows the variation of the heights of the vortices. 

The tip leakage vortex (TLV) and casing passage vortex (CPV) 

are at the similar height, as they induces each other to form a 

counter-rotating vortices. Figure 10b also shows the formation 

of counter-rotating vortices. Near the inlet, the CPV is pushed 

to left due to movement of wake flow towards casing, and 

becomes closer to the TLV. The two vortices have opposite 

swirl direction and similar vorticity. Then, from the first bend 

to the second bend, the counter-rotating vortices fall down due 

to the increase of the casing boundary layer’s thickness. Further 

downstream, the hub boundary layer becomes thicker, drives 

vortices to transports towards the casing. However, the radial 

pressure gradient drives the casing low momentum flow 

towards the hub and the downward movement drives the 

vortices near it to transports towards the hub as well. The 

combined effect keeps the counter-rotating vortices pair at 

similar height in the rear part of ITD. 

 

(a)All Structure 

 

 

(b)Casing Vortices and Wake 

 

(c)Hub Passage Vortex and Hub Boundary Layer 

Figure 10 Scalar Distributions on Different Cut 
Planes 
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Figure 11 Variation of Vortices’ Heights 

 

Figure 10c illustrates the transportation of the hub vortex 

and the hub boundary layer. Due to the lack of low momentum 

fluid in main flow, the radial pressure gradient has little effect. 

Nevertheless, the effect of streamwise pressure gradient is 

significant. Comparing Figure 11 and Figure 5, the movement 

of HPV is similar to the isolated vortex near the hub, and the 

transportation mechanism is also similar to the bottom vortex 

case.  

 

(a)Unit Loss 

 

(b)Unit Loss Difference 

Figure 12 Total Pressure Unit Loss under Different 
Inlet Conditions 

 

Figure 12a presents the total pressure unit loss along the 

ITD with different inlet conditions. Figure 12b presents the 

difference in loss with these inlet conditions. The ‘Real’ inlet 

is defined with the cascade exit flow. The reference inlet has 

the same total pressure distribution as ‘Real’ inlet, but with 

uniform incoming flow. The definition of the normalized unit 

loss is provided in (Equation (5)). 

In Figure 12a, two high loss generation area appears in the 

case of ‘Real’ inlet at X0-X1 and X5-X6. Near the inlet of ITD, 

the TLV, CPV is located near the casing area, the interactions 

between vortex and boundary layer, vortex and vortex result in 

high unit loss. This leads the peak unit loss at X0-X1. At X5-

X6, it can be found in Figure 11 that all the vortices are far 

away from the boundary layers. The high loss is due to the 

mixing of the vortices. 

Figure 12b presents the difference of unit loss between the 

‘Real’ inlet case and the reference inlet case. In case of ‘Real’ 

inlet case, the vortices is composed with axial and swirl 

velocity. For the reference inlet case, the velocity difference 

mainly appears in axial direction. The difference of unit loss 

between two cases shows the effect of swirl velocity of the 

vortex. Figure 12b shows that the effect of swirl velocity of 

‘Real’ case is large upstream of the second bend (X4), so the 

difference in loss is large. Downstream of X4, the different in 

loss for the two cases become small.  

 

Figure 13 the Variation of Streamwise Vorticity 
along ITD 

The variation of streamwise vorticity along ITD is plotted 

in Figure 13. The vorticity of each vortex is obtained by scalar 

concentration averaged value (defined in Equation (9)). From 

the inlet to the middle of the duct, all vortex decay fast and rate 

for both the TLV and CPV are similar. Further downstream, 

the decay of the vorticity becomes slower. This shows that the 

high unit loss near the inlet of ITD with ‘Real’ inlet is due to 

the decay of vortex, which is related to the effect of the swirl 

velocity of the vortex. As the vortex interacts with the boundary 

layer, the swirl velocity reduces and create a loss. This agrees 

with the conclusions obtained by the isolated vortex model in 

this paper. Near the exit of the ITD, the high unit loss is due to 

the flow mixing, which mainly changes the axial velocity of the 

flow. 
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CONCLUSION 

This paper investigate of the variation of flow phenomena 

in the ITD. The scalar method is used to give a better 

understanding of the transportation of the vortices. Then, the 

loss mechanism of ITD is discussed. 

First, the ITD uses the inlet condition with an isolated 

vortex. As the vortex transports downstream, the radial position 

of the vortex is highly related to the endwall boundary layer 

thickness, mainly due to the blockage effect. When hub 

boundary layer thickness increases, the vortices moves towards 

the casing, and vice versa. Significant loss is generated as the 

vortex interacts with the boundary layer near the walls. The 

effects of swirl velocity is investigated for the case with an 

isolated vortex. Near the inlet of the ITD, the decay of isolated 

vorticity is fast, so the unit loss is high. The peak unit loss 

locating coincide with the location where the vortex locates 

closet to the boundary layer. Downstream of this location, the 

loss generation decrease as the vorticity decays. 

Then, the ITD with a ‘Real’ inlet condition is simulate, 

which simulates different incoming vortices, such as the tip 

leakage vortex, casing passage vortex, the wake and the 

vortices near the hub. Near the casing, TLV and CPV form a 

pair of counter-rotating vortices, and transports downstream at 

similar radial position. Upstream of X4, the transportation of 

two vortex agrees with the case with the top isolated vortex, 

apart from small difference caused by the difference in the 

thickness of the boundary layer. Downstream of X4, the hub 

boundary layer thickness increases. As a result, the vortices 

move towards the casing, but the low momentum flow near 

casing area is driven by radial pressure gradient and moves 

toward the hub and induce the flow around it. The radial 

position of the casing counter-rotating vortices remains almost 

unchanged as the combined effect. For the hub vortex, the 

migration of HPV in radial direction is similar to the case with 

the bottom isolated vortex inlet. 

The loss mechanism of ITD with ‘Real’ inlet condition is 

then analyzed. At the inlet of ITD, the TLV, CPV locates near 

the casing, and the interaction between vortices and boundary 

layers result in high unit loss. As the vortices transports 

downstream, the vorticity decays fast, and the loss due to the 

swirl velocity becomes small. For the rear part of ITD, the 

mixing due to the effect of axial velocity defect dominates the 

loss generation. 

NOMENCLATURE 
C𝑝,0    Total pressure coefficient,  

=(𝑝0 − 𝑝0,𝑟𝑒𝑓) 0.5𝜌𝑣𝑟𝑒𝑓
2⁄  

C𝑝,𝑠    Pressure coefficient, 

       =(𝑝 − 𝑝𝑟𝑒𝑓) 0.5𝜌𝑣𝑟𝑒𝑓
2⁄ ) 

ω𝑠 Streamwise vorticity,  

       =(𝜔𝑥𝑉𝑥 + 𝜔𝑦𝑉𝑦 + 𝜔𝑧𝑉𝑧) √𝑉𝑥
2 + 𝑉𝑦

2 + 𝑉𝑦
2⁄  

 

ITD    Intermediate Turbine Duct 

TLV Tip Leakage Vortex 

CPV Casing Passage Vortex 

HPV Hub Passage Vortex 

UDS User-Defined-Scalar 
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