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ABSTRACT 

The turbulence boundary layer (TBL) at the mid-section 

of the compressor cascade will be studied in order to enhance 

the understanding of TBL’s characteristics coupling-effected 

by curvature, streamwise adverse pressure gradient (APG) 

and normal negative pressure gradient (PPG). NACA65 

linear cascade is the prototype, then the prototype and 

cascade with double pitch are calculated by large eddy 

simulation (LES). In comparison to the flow field in the mid-

section of these two cases, the influence of the curvature, 

APG and PPG on the TBL’s characteristics at the suction 

side of the blade is studied. The results show that PPG can 

reduce the thickness of the TBL and inhibit the flow 

separation. Reynolds stresses indicate that APG or PPG can 

increase both the streamwise and normal turbulent 

fluctuations simultaneously. APG enhances the development 

of coherent structure and the rolling and stretching of the 

vortex, thus to promote the energy transport. By contrary, 

PPG has inhibitory action for the coherent structure and 

weakens large scale eddies with low frequency in the TBL. 

INTRODUCTION 

The three major goals of aero engine compressor are 

high pressure ratio, high efficiency and high stability, but 

these targets are all restricted by the flow in the 

compressor[1]. Among many kinds of flow losses or flow 

separations, the corner separation is increasingly concerned 

because of its great influence on the flow capacity of the 

compressor[2~7]. Corner separation means there is the specific 

flow separation existed at the junction between the blade’s 

suction side and the hub of the compressor. This separation 

has great influence on the flow in the compressor. And it will 

cause blockage, reattached, mixed and other phenomena, 

which affect the engines’ performance. 

The study of flow phenomena needs to analyze the 

influence of various factors on it. Such as the corner 

separation is a very complex three-dimensional flow 

phenomenon, which is coupling influenced by TBL on 

blade’s suction side and TBL on the hub. Its mechanism has 

not been well understood, and it is very difficult to predict 

and control. Reynolds average numerical simulation 

(RANS), the most widely used method for engineering 

application, cannot accurately simulate the flow separation at 

the corner[8]. So before calculating or predicting the corner 

separation, the mechanism should be investigated. But it is 

difficult to research the corner separation directly, because 

the mechanism of the cascade’s TBL, which is closely 

related to corner separation and relatively simple, isn’t 

clearly revealed. 

Because it effected by curvature, APG and PPG, the 

TBL in mid-section of the compressor cascade is more 

complex than the traditional one. But this TBL is simpler 

than more than corner separation, which is the inherent 

natural influence to the efficiency and stability of the 

compressor. Research on compressor cascade middle section 

of the turbulent boundary layer can not only enhance the 

curvature, streamwise adverse pressure and pressure gradient 

under the coupling effect to understand the characteristics of 

turbulent boundary layer, but also deepen the understanding 

of corner separation mechanism, so as to control the angle 

area so as to improve the efficiency of the compressor and 

the stability of the preparation and bedding. 

Hobson[4] early started to study the corner separation and 

turbulence boundary layer of the cascade, using the laser 

Doppler velocimetry experiments to establish the first data. 

Through PDF and the spectrum analysis, it is found that there 

are intermittent inverse flows with a fixed frequency existed 

in the flow separation. Ma[5,6], Gao[7] has paid close attention 

to the TBL of cascade when studying the corner separation. 
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The turbulence spectrum, coherent structure and so on are 

studied to reveal the characteristics of TBL at suction side of 

the blade. But there is a shortcoming still existed in their 

investigations, that the effect of pressure gradient on the TBL 

isn’t further explored.  

Therefore, the TBL of cascade has not been studied 

thoroughly and the influence of pressure gradient on TBL’s 

characteristics needs to be revealed. Thus, the large eddy 

simulation (LES) is presented for the computation of the 

flow fields at the middle section of the cascade. Based on the 

previous research about the effect of the streamwise adverse 

pressure gradient[9~11], the role of the normal negative 

pressure gradient is revealed and its effect on TBL is further 

analyzed. 

NUMERICAL METHODS 

1. Computational grids and boundary conditions 

The prototype of the linear compressor cascade used in 

this investigation is from the NACA65 blade[6]. And the pitch 

of the cascade is changed to obtain the cases with different 

APG or PPG. In the current study, two cases are investigated. 

Case 1 and Case 2 are used to express the original cascade 

with 134mm pitch and the cascade with 268mm pitch 

respectively. 

The computational mesh is generated by the commercial 

software, AutoGrid5. A multi-block method, O4H topology, 

is used to ensure the grid quality. Fig.1 shows the 

distribution of Case 1’s computational passage. The inlet and 

the outlet of the computational domain are placed at 2.16 

chords upstream of the leading edge and 1.36 chords 

downstream of the trailing edge respectively in order to 

compare these results with the experimental results[6]. 

According to the concept of minimum channel flow[12] and 

the research on the independence of span height[13], the span 

height in the current computational domain is 15mm. 

Periodic conditions are imposed along the direction of the 

spanwise and pitchwise respectively. The inlet velocity of 

both cases is 40m/s. The standard atmospheric pressure, 

101325Pa, is applied for the outlet boundary. The difference 

between Case 1 and Case 2’s computational domain is just 

the pitch. 

In the current investigation, the commercial 

computational fluid dynamics software, ANSYS Fluent, is 

used. The unsteady flow fields are calculated by LES. The 

steady flow fields are calculated by RANS to verify the 

independence of the grids and also to be the initial solution 

for the unsteady flow fields. While steady calculations, the S-

A turbulence model is employed. The velocity is chosen to 

verify the independence of the grids because in the corner 

separation, the velocity is more sensitive than pressure to 

grids distributions or densities. Fig.2 shows the streamwise 

velocities vary with different grids along the measurement 

line, S*=0.8, and the location of the measurement line is 

displayed in Fig.5. There is no significant difference in the 

velocities obtained by mesh 3 and mesh 4. In order to reduce 

the computational resource, both of the cases of about 2×106 

cells is chosen for the numerical simulations. The cell height 

at the wall is set toΔy=3×10-6 m, yielding y+=0.9. The 

distribution of the mesh is shown in Fig.1. 

 

 

Figure 1 Computation domain and Mesh 

 

Figure 2 Convergence of mean streamwise velocity 
alone S*=0.80 with different grids 
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2 Numerical scheme 

The inlet Mach number of two cases is about 0.12. Due 

to the incompressibility of the gas, the pressure-based 

Navier-Stokes solution algorithm is enabled. The pressure-

velocity coupling is handled by the SIMPLE algorithm. The 

Smagorinsky-Lilly model is chosen as the sub-grid model. A 

bound central differencing scheme is used for spatial 

discretization and a second-ordered implicit scheme is used 

for temporal discretization.  

While for the simulation, a global constant time step is 1

×10-5s. In the work, 3000 time steps are performed and total 

simulation time is 0.03s. About eight periods that the flow 

passes through the blade passage (8c/U∞) has been achieved. 

 

3 Numerical verification 

The statistical convergences are checked to evaluate the 

quality of the results. The point at S*=0.80 measurement line 

is picked up and this point is 1mm away from the wall. As 

the Fig.3 shows that the blue lines denote the instantaneous 

velocity. The black and red lines represent the first-ordered 

and second-ordered moment convergences respectively. And 

in this investigation, satisfactory statistical convergences are 

obtained for the seconded-ordered or lower-ordered 

moments. 

In addition, the flow field at the mid-section of Case1 is 

consistent with that of the cascade in Ma’s experiment. 

Choosing the mean velocity, the numerical results are 

compared with the experimental results along nine 

measurement lines, as shown in Fig.4. The numerical results 

are in good agreement with the experimental results, which 

proves the correctness of the numerical method. 

Results analysis 

The fluid particles in the passage are constrained from 

adjacent blades. Such constraints are mainly two kinds. The 

one is streamwise adverse pressure gradient because of the 

divergence passage and the other is normal negative pressure 

gradient because of the difference between pressure on 

pressure side and suction side. Besides, the small curvature at 

the leading edge of the blade may lead to flow separation. 

Thus the research of TBL in the current investigation is more 

complex than the traditional one. 

The purpose of this investigation is to analyze the 

mechanism of the turbulent boundary layer coupled-effected 

by the streamwise adverse pressure gradient, the normal 

negative pressure gradient and the curvature. The 

characteristics of the turbulent boundary layer are revealed 

when effected by these three factors. 

1 Mean characteristics 

The magnitude of APG and PPG are changed through 

changing the pitch of cascade, in order to analyze the effect 

of APG and PPG on the TBL. Nine measurement lines are 

established to quantify the APG and PPG, which are normal 

to the surface of the blade and displayed in Fig.5. S*=S/L 

denotes the position of the measurement-line on the blade 

suction side, where S is the chordwise arc length on the 

suction surface from the leading edge to the measurement-

line, and S= L at the trailing edge.  

 

 

Figure 3 Statistical convergence 
 

The results of quantification are shown in Fig.6. In the 

front half of the blade (S*=0~0.60), while the pitch of the 

cascade becomes larger, the magnitude of APG and PPG at 

the measurement lines are both larger. In the latter half 

(S*=0.70~0.99), with the larger pitch, the magnitude of APG 

or PPG decreases. 

The contours of the normalized mean velocities are 

shown in Fig.7. The mean velocities are normalized with the 

inlet velocity. In the latter half of the cascade, there is a low 

velocity zone existed in both of the Case 1 and Case 2. And it 

is obvious that the area of the low velocity zone is increased 

with the pitch increasing. For quantitative analysis, the 

results of streamwise and normal velocities along each 

measurement line are shown in Fig.8. Traditionally, the 

thickness of the TBL ( ) is defined as the distance from the 

wall to the position where the velocity reaches 99% of the 

outer velocity. However, the streamwise velocity in the 

investigation deceases after reaching a local maximum value. 

Thus,   is defined as the distance from the wall to the 

position where the velocity is a local maximum. From the 

mean velocity profiles in Fig.8, the thickness of the boundary 

can be calculated. The thickness of the boundary is increased 

with the pitch increasing obviously. 

Now, the relationship between the pressure gradient and 

TBL is revealed. At S*=0~0.60, contrast to case1, larger 

APG of Case 2 should have promoted the increase of TBL’s 
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thickness[14]. But from the results of TBL’s thickness in 

Fig.8, the TBL’s thickness of Case 2 is similar to that of Case 

1. Thus, there are some factors existed in the flow field of 

Case 2, or these factors of Case 2 are larger than the Case 

1’s, to weaken the influence of APG and inhibit the 

development of TBL. 

From Fig.6, it is can be obtained that PPG of Case2 is 

also greater than Case1 at S*=0~0.60. Thus in this 

investigation, PPG can be regarded as the factor to weaken 

the effect of APG and inhibit the increase of TBL’s 

thickness. 

Thus the results of the TBL’s thickness at S*=0.70~0.99 

can also be explained. The magnitude of APG in Case2 is 

less than that of Case1, but the thickness of TBL is larger 

than Case1’s. Because at this time, the normal negative 

pressure gradient in this region of Case2 is also less than 

Case1’s. The normal negative pressure gradient is not able to 

completely offset the promotion effect of the streamwise 

adverse pressure gradient on the thickness of the boundary 

layer. Thus the thickness of TBL still increases. 

The above description shows the effect of the normal 

negative pressure gradient is different from the streamwise 

adverse pressure gradient and PPG can inhibit the growth of 

the thickness of the turbulent boundary layer. 

 

2 Fluctuation characteristics 

When studying the fluctuation characteristics, Reynolds 

stresses are the most common and the most concerned 

parameters. The streamwise and normal Reynolds stresses at 

each measurement line of both cases are calculated and 

shown in Fig.9 and Fig.10 respectively. APG, as a trigger, 

can induce the second peak of the streamwise Reynolds 

stress in the outer layer[15]. In general, especially in the front 

half of the blade, the APG of Case2 is larger than Case1’s 

(Fig. 6). Thus it is obvious that the appearance of the second 

peak of Case2 is earlier than that of Case 1. 

At the S*=0.50 measurement line, the magnitude of 

APG of Case1 is less than that of the Case2 while the PPG of 

the two cases are similar. At the S*=0.70 measurement line, 

the magnitude of PPG of Case1 is larger than that of the 

Case2 while the APG of the two cases are similar. Focusing 

on these two measurement lines, fluctuation characteristics 

are further discussed. 

At S*=0.50 measurement line, the magnitude of PPG of 

two cases are close to each other. Contrast to Case1, APG of 

Case 2 is larger. With APG becoming large, it is obviously 

that the normal Reynolds stresses of Case 2 are larger than 

Case 1’s. Thus it is indicated that the increase of APG is able 

to promote the normal turbulence fluctuations.  

At S*=0.70 measurement line, the magnitude of APG of 

two cases are close to each other and the PPG of Case 1 is 

larger than that of Case 2. In this condition, both the 

streamwise Reynolds stresses and normal Reynolds stresses 

are increased. It shows that PPG promotes both the normal 

turbulence fluctuation and the streamwise turbulence 

fluctuation. And the results above also show that there is the 

mutual interference about the effect of APG and PPG on the 

turbulence fluctuations. 

3 Coherent structure 

The Q criterion is used to identify the coherent structures 

of the flow fields in both two cases. Under the typical value 

of Q=U∞/C2 and the typical moment of t= 5C/U∞ in Fig.11, 

turbulent coherent structures are observed. 

At S*=0.21~0.70, APG of the Case2 is larger than 

Case1’s. In the area covered by these monitoring stations, it 

is obvious in Fig.11 that the coherent structures of Case 2 

develop more strongly and the number of the vortexes in 

Case 2 is more than that of Case 1. At S*=0.80~0.99, the 

magnitude of Case 1’s APG is larger and in these areas the 

vortexes are more intense while the APG of Case 1 is also 

larger than that of the Case 2. It shows that the streamwise 

adverse pressure gradient plays the role of promotion the 

coherent structure. 

In the description above, the streamwise adverse 

pressure gradient has the function of promoting the flow 

separation and intensifying the turbulence fluctuations. 

Combining the analysis in this section, it can be regarded that 

coherent structure and fluctuation characteristics are closely 

related. The value of the coherent structure is larger means 

the fluid particles are rotating more strongly and the flow is 

more irregular. 

Then the effect of PPG can also be concluded. At the 

leading edge in Case 2 (Fig.11), because of larger APG, the 

vortexes are generated and promoted. But it is also obvious 

that these vortexes don’t fully develop and are suppressed in 

the region near the wall. From the results of Fig.6, the normal 

negative pressure gradient of Case 2 is also larger, thus PPG 

can be regarded as the factor to restrain the development of 

coherent structure. Also the phenomenon in the latter half of 

blade can be explained. The magnitude of Case 2’s PPG is 

less than that of Case1, so the coherent structures in Case 2 

develop more strongly than that of Case 1 because the 

inhibition of PPG in Case 2 is weaken. 

The results above shows that the streamwise adverse 

pressure gradient promotes the development of the coherent 

structure, which also intensifies the vortex’s rolling and 

stretching. Thus the transport of energy in the flow field is 

intensified. In contrast to the streamwise adverse pressure 

gradient, the normal negative pressure gradient can inhibit 

the development of coherent structure and reduce the large 

scale eddies in the turbulence boundary layer. 

Now combining the analysis of the fluctuation 

characteristics and coherent structure, the phenomenon of 

TBL’s mean characteristics can be explained deeply. APG 

can be able to promote the streamwise turbulence fluctuation, 

resulting in enhancing the development of eddies near the 

wall. Thus, with eddies near the wall generating and 

developing, the flow trends to separate and the thickness of 

TBL increases. And PPG can be mainly promoted the normal 

turbulence fluctuation, thus to lead the turbulence state to 

isotropic turbulence or reduce the ratio of the streamwise 

turbulence fluctuation. The normal turbulence fluctuation 

will weaken the effect of the streamwise turbulence 

fluctuation on eddies near the wall. The development of 

eddies is inhibited by PPG, thus the flow separation and the 

thickness of TBL will be suppressed and reduced. 
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Figure 4 Experimental and numerical results of mean velocity (red color: Us; blue color: Un) 

 

 

Figure 5 Numerical results of the contour of the mean static pressure 

 

 

Figure 6 Numerical results of the pressure gradient at each measurement lines 
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Figure 7 Numerical results of the contour of the mean velocity 

 

 

Figure 8 Numerical results of the mean velocity at each measurement lines 

 

 

 

Figure 9 Development of streamwise Reynolds stresses at each measurement lines 

 

Figure 10 Development of normal Reynolds stresses at each measurement lines 
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Figure 11 the coherent structures: iso-surfaces of Q criterion, colored by the velocity magnitude 

 

Conclusion 

In the current investigation, the flow fields of the 

NACA65 cascade are calculated through large eddy 

simulation. The characteristics of turbulence boundary layer 

at the suction side in the mid-section are focused on. By 

changing the pitch of the cascade, the streamwise adverse 

pressure and the normal negative pressure gradient are 

changed, in order to analyze the effect of pressure gradient 

on the characteristics of TBL. The characteristics of TBL, 

including mean characteristics, fluctuation characteristics and 

coherent structure, are summarized in condition of influence 

of pressure gradients.  

(1) Different from the effect of streamwise adverse pressure 

gradient, the normal negative pressure gradient can inhibit 

the growth of the thickness of the turbulent boundary layer. 

(2) The results of Reynolds stress show that pressure 

gradients, no matter APG or PPG, play the role of promoting 

the turbulence fluctuations. The pressure gradient are able to 

increase the turbulence fluctuations in the same direction. 

More importantly, APG or PPG can be promoted the 

turbulence fluctuations in different direction. 

(3) The development of the coherent structure is promoted by 

the streamwise adverse pressure gradient, and the rolling and 

stretching of the vortex in the flow field is aggravated. In 

contrast to APG, the normal negative pressure gradient can 

inhibit the development of coherent structure and reduce the 

large scale eddies with low frequency in the turbulence 

boundary layer. 
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