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Abstract 
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Turbine Cascade 
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Seoul National University 

 

To investigate effects of casing roughness on aerodynamic performance 

especially secondary loss, four cases of experiment conducted in a linear turbine 

cascade. Smooth endwall case was the baseline. The others were roughness cases 

of 0.001, 0.002 and 0.005 of ks/C size of roughness (sand grain) adhered to the 

endwall. One-dimensional hot wire anemometry of constant temperature 

anemometry applied for measurement of incoming endwall boundary layer and 

turbulence intensity. Total pressure and flow angle measured by 5-hole probe at the 

1.2 axial chord (Cx) length downstream. Incoming endwall boundary layer 

thickness was increased but thickening boundary layer effect was negligible 
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considering 200mm of blade span while momentum thickness grew significantly. 

Mass averaged loss coefficient at 1.2Cx downstream of blade leading edge was 

increased by 38% from smooth case to 0.005 of ks/C size of rough case. This 

increment was mostly due to stronger secondary motions of passage vortex and 

shearing motions between it and counter vortex which induced by higher level of 

incoming normal vorticity inside of incoming boundary layer as bigger size of 

roughness adhered. Increased roughness size on the endwall made greater velocity 

deficit toward the endwall so that incoming normal vorticity was grown. This 

greater incoming normal vorticity was the main reason of stronger streamwise 

voriticity rather than turning angle at the downstream according to classical 

secondary flow theory because changes flow exit angle was negligible. But overall 

loss was not continuously increased but saturated due to adverse effect between 

strengthen of incoming vortex and less vortex stretching. This was confirmed 

saturated circulations both passage and counter vortex area. Comparing inlet and 

downstream loss for smooth and rough cases, net increase in loss across the blade 

row was increased which was not similar as reported by many researchers for thin 

and thick boundary layer previously. It meant additional loss was raised through 

blade row. Higher mixing loss due to greater turbulence intensity inside incoming 

boundary layer by roughened tip endwall was thought to be the reason of additional 

loss. 
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1. Introduction 

1.1. Background and motivation 

The degradation of gas turbines both land based (normally for power 

generation) and propulsion with service is the serious problem in the efficiency 

point of view. This is mainly due to roughness on machine inside surface inevitably 

with operation. Therefore, study regarding surface roughness is important as well 

as machine’s basic aerodynamic study at design stage. Such trend can be observed 

as increased number of paper issued at the journal [1]. Foreign particulates, air 

borne dusts, sand and even volcanic ash is the example of sources for surface 

roughness. Particularly in turbine side, because of the location, downstream of 

combustor, molten airborne contaminants agglomerate and adhere to turbine blade 

and casing. Thermal barrier coating (TBC) removal by spallation and hot corrosion 

are also the sources for roughening surface in turbine side. Fig. 1 shows a 

photograph of roughened turbine vane and endwall for serviced CFM56 engine [2].  

This surface roughness changes boundary layer characteristics of both blade 

and endwall. Severely it can modify geometric parameters e.g. blade shape and 

incidence angle so that aerodynamic performances is dropped due to off-design 

conditions. Regarding aerodynamic performance, according to Denton [3], the 

overall loss consists broadly of profile loss, endwall loss and tip leakage loss. 

Profile loss is generated due to boundary layers on the blade surface away from the 
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endwall. Endwall loss is referred to as “secondary” loss because it arises from the 

secondary flows generated by endwall boundary layers and flow turning through 

blade rows. Tip leakage loss happens from the leakage flow over the tip through tip 

clearance between rotor and casing or stator and hub. Although these three loss 

components are described separately, it is hard to tell dividing those individually 

because those are having interaction each other. But overall loss is generally 

consisted of these three loss components evenly. Sjolander [4] schematically 

illustrates the mechanisms of loss generation in Fig.2. 

Based on above performance degradation, surface roughness effects in gas 

turbine have been studied by many researchers but most of them are focusing on 

roughness on blade surface itself despite roughness elements are naturally on the 

endwall. Roughness on endwall also affects to change boundary layer developed by 

endwall and it would be strong influence to secondary loss.  

 
Fig. 1 Photograph of deposition on a serviced CFM56 engine’s turbine vanes 

[1] 
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Fig. 2 Major loss components in turbomachinery by Sjolander [4] 

(Reproduced) 

  

 

 

Incoming boundary layer 
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1.2. Literature Survey 
Previous researches have been reviewed by two categories of surface roughness 

effects and aerodynamic loss, especially secondary loss.  

Firstly, Surface roughness effects in gas turbine have been studied by many 

researchers. Prior to see effects of surface roughness, Bons et al. [5] provided 

accurate depiction of real surface roughness by measurements of nearly 100 in-

serviced turbine components of four manufacturers: General Electric, Solar 

Turbines, Siemens-Westinghous and Honeywell. They suggested 26 representative 

statistical data grouped by roughness-generation process. But there was only single 

data group of endwall region by hot corrosion and erosion. Due to lack of 

information, this surface roughness data applied to in this study. Detail application 

can be referred to paragraph 2.4 below. Bones [1] also summarized the effects of 

surface roughness in gas turbine from other researchers. Most of studies for surface 

roughness effects are focused on roughness on blade itself despite it is on the 

endwall as well.  

Rao et al. [6] have explored the influence of casing roughness in an axial flow 

turbine. They experimented with sandpaper to the casing with double-sided 

adhesive tape at different tip clearances. They obtained artificially roughening the 

casing surface significantly reduced the leakage mass flow rate and then this led 

deficit of momentum in the core of the tip vortex. This influenced tip vortex had 
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shearing interaction with passage vortex so that it cannot be distinguishable sole 

effect of casing roughness to passage vortex. 

Matsuda et al. [7] measured the profile and secondary loss in a large scale vane 

cascade with varying degrees of surface polish of nozzle. They also compared total 

pressure loss between smooth and rough endwall. They found peak value of loss 

showed additional 30% of loss and moved it toward midspan. But they could not 

catch secondary flow structures but just recognizable those by total pressure loss 

contours due to relatively low flow turning angle. They neither explained how the 

roughened endwall affect the formation of secondary flow structure and why this 

additional loss was happened. 

Regarding secondary flow and loss, there have been a lot of researches up to 

now. Squire and Winter [8] were the front runner of secondary flow research. They 

proposed simple estimation for streamwise vorticity generation under inviscid and 

incompressible flow which has been widely used for estimation of streamwise 

vorticity generation. Hawthorne [9], [10] later developed a general theory for 

secondary flow of an inviscid, incompressible fluid and three components of 

vorticity. The first was distributed secondary circulation which was the result of a 

distortion of the vortex filaments carried with the stream through bending passage. 

This appeared as passage vortex at the exit of the cascade. The second component 

was the trailing shed circulation due to the change of circulation about body 
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immersed in the flow. Finally the third component was the trailing filament 

circulation which arose because stretching of the inlet vortex filament when 

passing through the cascade. A method had been described for calculating the 

secondary flow in a cascade, taking into account the rotation of Bernoulli surface 

[11]. This study showed a good estimate of the secondary flow was obtained if 

distortion of the Bernoulli surface was neglected.  

Detail secondary flows and losses in a turbine cascade had been found by 

experiments of flow visualizations by use of oil and smoke or total pressure 

measurement traversing at several planes in axial direction within a cascade 

passage in the early stage of secondary flow research. Flow visualization had been 

done both endwall surface and blade pressure and suction surface. Langston et al. 

[12] and Marchal and Sieverding [13] and Gregory-Smith and Grave [14] gave 

good interpretation and enhanced understanding of developing secondary flow 

through a turbine cascade. Sieverding [15] had summarized the results of previous 

experimental works for secondary flow. It presented secondary vortex structures 

and their effect on endwall boundary layer characteristic and loss growth through a 

turbine cascade. After 15 years past, Langston [16] had also issued review paper 

for building upon Sieverding’s review and to examine some of the secondary flow 

research since its publication. Hodson and Dominy [17] gave wide insight of 
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cascade performance, not even secondary flows, by conducted experiments at 

various off-design conditions.  

Lastly, Hunter [18] had conducted experiment in an axial turbine stage of two 

different incoming endwall boundary layer thicknesses. The amounts of over and 

under-turning in the stator exit flow were decreased due to reduction in te inlet 

normal vorticity associated with the thicker and more rounded velocity profiles of 

thicker boundary layer thickness of incoming flow. Pichwise averaged total 

pressure loss data indicated that the net cascade passage losses are independent of 

the cascade inlet boundary layer thickness. Sharma and Butler [19] had reported 

same result as above from summarized those of other researchers [12], [13], [14], 

[17]. 
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1.3. Objectives 

Despite many researches for surface roughness and secondary flow in a turbine 

cascade, the effects of casing roughness on aerodynamic performance in a turbine 

cascade are not examined. Therefore, the present study aims to investigate effects 

of casing roughness by sand grain on the cascade endwall on aerodynamic 

performance, especially secondary loss in a linear turbine cascade with no tip 

clearance. For achieving above, aerodynamic performance e.g., secondary loss and 

flow turning angle is evaluated by measuring total pressure distribution at the 

downstream of a turbine rotor blade row in a linear cascade. Smooth casing is the 

baseline while three different size of sand grain is adhered to the cascade tip 

endwall as casing roughness.  

 

Therefore research objectives for this study are following:  

1. The effects of casing roughness on secondary loss change. 

2. The effects of casing roughness on incoming endwall boundary layer 

characteristics. 

3. The relation between change in secondary loss and incoming boundary 

layer induced by casing roughness. 
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2. Test Facility and Instrumentation 

2.1. Test Facility 

Fig. 3 schematically shows a test facility, consisting of (a) an AC motor and 

centrifugal fan, (b) a diffuser, (c) a settling chamber, (d) a contraction section, (e) a 

flow developing section, and (f) a test section. Centrifugal type fan with 15kW 

electric motor can produce up to 300 m3/min. of volume flow rate. The fan blows 

into settling chamber containing four mesh screens and honey comb through 

diffuser and the flow exits the contraction through a 200 x 500mm outlet section. 

Flow developing section is changeable according to test section and connects wind 

tunnel and test section. Wind tunnel is designed to produce flow of maximum 

velocity 55m/s with turbulence intensity 0.6%. The linear turbine cascade type with 

8 blades and 7 passages is installed on the open type wind tunnel of described 

above.  

 
Fig. 3 Schematic of test facility showing a test section accommodating a linear 

cascade 
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2.2. Blade Geometry 

Blade geometry is referred to Large Scale Rotating Rig at United Technologies 

Research Center [20]. The rotor blade mid-span profile is used to build this linear 

turbine cascade. Details of blade are shown in Fig. 4 and Table 1.  

 
Fig. 4 Schematic of the blade geometry 

 
 

Table 1 Geometric parameters of the blades 
 

Chord length,  C 109.58 mm 

Axial Chord length,  xC  93.41 mm 

Stagger angle, λ 32.12º 

Span,  H 200 mm 

Pitch,  S 92.34 mm 

Solidity,  C/S 1.19 

Inlet flow angle, 1  42.18º 

Outlet flow angle, 2  -64.03º 
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2.3. Instrumentation and Data Acquisition 

The schematics of cascade and measuring points are shown in Fig. 5. Inlet total 

and static pressure was measured using Pitot probe (United Sensor™) at 0.7 xC  

upstream from the blade leading edge which is point no.1 of Fig. 5. Inlet endwall 

boundary layer and turbulence intensity was traversed using one dimensional hot 

wire probe of 55P11 type (Dantec Dynamics™) at point no.2 of Fig. 5 which is at 

mid-passage of blade leading edge line between 5th blade and 6th blade. Hot wire 

probe was connected to constant temperature anemometry system. Measurements 

were made by collecting 50,000 samples at a rate of 10kHz at each points where 

approaching to tip endwall. The calibration of the 55P11 type hot wire probe was 

done both before and after measurements by auto calibration kit. Auto calibration 

kit could produce air of controlled velocity through nozzle if compressed air was 

supplied properly. The velocity calibration range was from 0 to 40 m/s. Calibration 

curve was obtained by 5th polynomial curve pitting at every experimental cases. 

The conservative estimated uncertainties of the measured velocities and turbulence 

intensities were ±0.2 m/s and ±0.3%p with a 95% confidence interval, using the 

method of Coleman and Steele [21], respectively. 

At 1.1 xC  downstream from blade leading edge, point no.4 of Fig. 5, 

periodicity was confirmed through hub endwall static pressure taps along the three 

passages from 3th blade to 6th blade. Periodicity was controlled by adjusting each 
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tail boards. The peak value difference of static pressure coefficients pC was 2.4% 

which was enough to precede main experiment. 

Downstream total pressure loss and flow angle was measured by conical 

shaped five hole pneumatic probe (United Sensor™) at 1.2 xC  downstream from 

blade leading edge. The calibration and data reduction procedures for five hole 

probe was adapted from Judd. A. M. [22], Everett et al. [23] and Kim and Kang 

[24]. The estimated uncertainties [21] associated with loss coefficient and flow 

angles were evaluated to be within ±0.002 and ±1.0 degree, respectively. 

Downstream measurement plane was made by two axis automatic traversing 

system controlled by program of National Instruments Corp. LabVIEWTM. This 

measurement plane consisted of both 34 points along the pitchwise and 28 points 

of half span and total 952 points. It was described at Fig. 6. To obtain detailed flow 

features changes, measuring grid were set denser both at tip and blade trailing edge 

region. Spatial resolutions at denser region were ∆y/s= 0.027 and ∆z/H=0.0165.  

Casing roughness was realized by adhering sand grain on the tip endwall by 

one chord length long from 5mm of blade leading edge upstream after spraying 

glue on it. Aparting 5mm from blade leading edge line was for hot wire 

measurement. Using sand grain was the way of avoiding step effect when sand 

paper applied on the tip endwall. Casing roughness covering length was set to one 
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chord length long by assuming actual distance from combustor exit to turbine first 

rotor blade. Casing roughness was described at Fig. 5 (a). 

Pressure Systems Inc. Net Scanner™, as differential pressure transducer was 

used for both pneumatic probes and static pressure taps. The specification of the 

sensor range was ±2.5kPa and uncertainty was ±0.5% of full scale.  

For all cases, upstream velocity was set as 30 m/s and Reynolds number based 

on chord length and upstream velocity was 220,000 which was over the range 

where almost constant total pressure loss was marked when Reynolds number 

increase [25].   
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(a) 

  
(b) 

Fig. 5 Schematics of turbine cascade; (a) measuring points and roughness 
location, and (b) picture of sand grain adhered on the tip endwall view 
from upstream side 
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(b) 

Fig. 6 Schematics of turbine cascade; (a) measuring points and roughness 
location, and (b) downstream measurement plane 

 
 

Table 2 Instrumentations 
 

No. Measured Instrument Location 

1 Inlet Pt & Ps Pitot tube 0.7Cx upstream 

2 Boundary layer Hot wire Mid-passage 

3 Blade loading Static taps 
Midspan of blade pressure 

and suction surface 

4 Periodicity Static taps 1.1Cx downstream 

5 Downstream loss 5-hole probe 1.2Cx downstream 
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2.4 Test Matrix 

Table 3 is showing test matrix of different size of roughness cases. Roughness 

size is selected based on one of measurements of surface roughness of in-serviced 

gas turbine by Bons et al. [5]. “Surface #15” among 26 representative three-

dimensional surface statistical data grouped by roughness-generating process, 

which is describing regarding endwall indicates 28 ㎛ of centerline average 

roughness (Ra). Equivalent sandgrain roughness (ks) is obtained 173.6 ㎛ by Koch 

and Smith correlation [26]. This corresponds with test matrix no. 3 of 180 ㎛ of ks, 

on Table 2. Because there are largely absent near suction surface on the endwall 

scrubbed by horseshoe and passage vortices [27], larger and smaller size of 

roughness element is required to check roughness effect more clearly, which are 

500 ㎛ of ks, no. 4 and 105 ㎛ of ks, no. 2 of test matrix on Table 3. Smaller size 

of roughness (ks =105 ㎛) on the other hand, takes from the observation of 

Bammert and Sandstede [28]. They suggest maintaining turbine surface below ks / 

C of 0.001 in order to avoid efficiency drop. Although they artificially roughened 

turbine blade surface, it is inevitable to select as minimum size of roughness to see 

the endwall roughness effect due to lack of endwall roughness measurements. 
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Table 3 Test Matrix 
 

No. Case ks (㎛) ks / C 

1 Smooth No sand grain adhered 0 

2 Rough 1 105 0.001 

3 Rough 2 180 0.002 

4 Rough 3 500 0.005 
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2.5. Data Reduction Parameters 
2.5.1 Turbulence intensity (Tu) 

The nature of the turbulence in a wind tunnel of conventional design can be 

expected to be homogeneous and nearly isotropic states [29]. Tu is defined as 

Equation 1.   

2

Tu = rmsu

V  

2.5.2 Loss coefficient (Yp) 

Loss coefficient (Yp) is defined as Equation 2. Difference between 0.7 xC  

upstream and 1.2 xC  downstream total pressure is non-dimensionalized based on 

mixed out velocity dynamic head.  

 
 

2.5.3 Mass-averaged loss coefficient (Yp) 

Overall loss level can be evaluated using mass-averaged loss coefficient. Mass 

averaged loss coefficient is defined as Equation 3.  

 
 

 

(1) 

(2) 

(3) 
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2.5.4 Secondary kinetic energy coefficient (CSKE) 

The secondary kinetic energy coefficient represents the kinetic energy 

associated with secondary velocity vectors, not the primary direction normalized 

by the kinetic energy on the inlet midspan of the cascade. The increment or 

reduction can attribute to secondary loss increase or decrease. This is defined as 

Equation 4 below.  

 
 

2.5.5 Circulation (Γ) 

The circulation which is normalized by axial chord length and cascade inlet 

velocity represents the strength of vortex. This parameter can be used as comparing 

the strength of vortices measured at downstream measurement plane quantitatively. 

This is defined as Equation 5 below. 

 
 

2.5.6 Derivation of Streamwise Vorticity 

Streamwise vorticity coefficient is calculated according to the method of 

Gregory-Smith et al. [30]. This is derived from the incompressible Euler equations 

and it is useful for identifying vertical structures and quantifying their strength and 

(4) 

(5) 
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sense of rotation. This method is verified of measuring at two closely spaced axial 

planes by Yaras and Sjolander [31]. They reported largest differences between 

actual measurements and approximation by this method was comparable with the 

uncertainty. This method has been widely selected by many researches. This is 

defined as Equation 6 below. Fig.7 shows exit flow coordinate system for 

streamwise vorticity coefficient calculation. 

 

 
 

 

Fig. 7 Flow coordinate systems at cascade exit for streamwise vorticity 
coefficient calculation 

(6) 
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3. Discussion of Results 

3.1. Mass averaged loss coefficient 

To investigate how casing roughness affect to overall aerodynamic loss at 

downstream, mass averaged loss coefficients at 1.2Cx downstream from leading 

edge are reported for each case. Fig. 8 shows increasing mass averaged loss 

coefficients as bigger roughness size adhered to the endwall. Mass averaged loss 

coefficient of 0.043 for smooth case is almost same as previous turbine cascade 

studies [32], [33]. 27% of loss increment occurs from smooth to rough 2, from 

0.043 to 0.054. In order to figure out what causes this loss increment, total pressure 

loss contours examined. 

 

Fig. 8 Mass averaged loss coefficients according to different roughness size 
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3.2. Loss coefficient contours 

Loss coefficient contours with flood are easy to catch spatial variation between 

smooth to rough case. Total pressure loss coefficient contour with flood at 1.2Cx 

downstream of blade leading edge is provided in Fig. 9. The view is looking 

upstream with passage suction surface on the left and pressure surface on the right. 

White region of Fig. 9 is no loss region. There are two distinct regions of elevated 

loss labeled A and B in Fig. 9 (a). Loss core A located at the y/S=0.13 and 

z/H=0.87 is associated with the passage vortex which is combination of low 

momentum fluid from endwall boundary layer and pressure side leg of horse shoe 

vortex from the adjacent blade leading edge. Another peak loss core B is the one by 

shearing motion between passage vortex and trailing vortices (trailing filament and 

trailing shed vortex). These trailing vortices could not be caught by secondary 

velocity vectors of red arrows as full vortex motion at Fig. 11 but assuming it by 

location within wake region according to secondary flow theory. These trailing 

vortices are sometimes so weak that those could not be caught by secondary 

velocity vector as a complete vortex motion. In this case, these are called just 

counter vortex [34]. These loss cores can be categorized to secondary loss. Loss 

core A is occupied wider and peak loss is greater at rough 2 case than smooth case. 

Wider occupying area of passage vortex can be considered as effect of thicker 

incoming boundary layer [17] but increased peak strength of passage vortex cannot 
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be explained by it. So this is different from the effect of thicken incoming endwall 

boundary layer effects, i.e. wide occupying area by passage vortex but weaken 

peak strength of vortex, same effect of vortex stretching. Peak loss of loss core B is 

also greater than smooth case but occupying area cannot be told because of 

location, inside of wake region. But the location of peak loss area moves toward 

midspan when smooth to rough 2 case. This is due to greater penetration height 

toward midspan of passage vortex and suction side of horse shoe vortex separation 

line by thicken incoming endwall boundary layer [19]. Also another loss core 

beneath loss core B is visible. This loss core is appeared to develop so it becomes 

isolated from smooth to rough 2 case. This is due to stronger suction side leg of 

horse shoe vortex likewise stronger passage vortex of rough 2 case because both 

pressure and suction leg of horse shoe vortex is from mostly incoming boundary 

layer fluid. This is also different phenomena from effect of higher Reynolds no.  

to prevent separation of the suction surface boundary layer [17]. In rough case 2, 

streamwise velocity at downstream measurement plane is not greater than that of 

smooth case.  

In order to figure out secondary loss separately, profile loss measured at 

midspan has to be deducted from the total measured loss. Measured profile loss is 

expressed as mass averaged loss coefficient at midspan. 

 for smooth,   for rough 2 
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Profile losses measured at midspan remains over the range of measuring 

uncertainty. Profile loss is increased as it goes from smooth to rough 2 case. It can 

be confirmed by thickened wake width at midspan on loss coefficient contour on 

Fig. 9 (b). This profile loss increments was also found previous literatures [12], 

[35]. This is because the boundary layers which developed both suction and 

pressure surface in the midspan regions are influenced by the endwall secondary 

flow effects of incoming endwall boundary layer. To find out in details the reason 

why profile loss is increased is to do more experiments for measurement of blade 

boundary layers by flow visualization using oil or others for looking into profile 

loss increase. But this is beyond the aims of this study of focusing on secondary 

loss. Pitchwise averaged mass averaged loss coefficients distribution along with the 

spanwise location is presented secondary loss only as Fig. 10, which is deducted 

from overall loss to profile loss. Loss coefficients of area from z/H=0.7 to 0.9 

associated both loss core A and B at rough 2 case are higher than smooth case. Loss 

coefficients at rough 2 case from z/H=0.83 to 0.9, loss core A associated with the 

passage vortex marks higher than smooth case and those from 0.75 to 0.83, loss 

core B also indicates greater than smooth case. These higher losses are also 

confirmed secondary kinetic energy coefficient contours of Fig. 11 (a) and (b). 
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   (a) 

 

 
   (b) 

 
Fig. 9 Loss coefficient contours with flood at 1.2Cx downstream of blade 
leading edge; (a) smooth (baseline) and (b) rough 2 

A

B
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Fig. 10 Pitchwise mass averaged loss (secondary loss only) coefficients 
distribution of smooth and rough 2 case along with spanwise location at 1.2Cx 
downstream of blade leading edge 

Red arrow is indicating secondary velocity vectors with 10m/s magnitude of 

reference vector at the right top corner. By stronger secondary velocity vectors and 

higher CSKE near endwall (from z/H=0.94 to 0.99), Higher cross flow velocity from 

pressure to suction surface is shown at rough 2 case rather than smooth case. 

Stronger passage vortex motion leads this bigger velocity of cross flow. This 

stronger passage vortex motion also collects more low momentum fluid from the 

endwall boundary layer so that higher shearing motion between passage vortex and 

trailing vortices is marked at loss core B. Higher secondary velocity vectors also 

confirm this stronger shearing motion. 



２７ 
 

 
   (a) 

 

 
    (b) 

 

Fig. 11 Secondary kinetic energy coefficient contours with flood at 1.2Cx 
downstream of blade leading edge; (a) smooth (baseline) and (b) rough 2 
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3.3 Streamwise vorticity contours and circulations 

By employing surface roughness at the cascade tip endwall, mass averaged loss 

coefficient at 1.2Cx downstream from blade leading edge is increased and this 

increment is confirmed by stronger passage vortex and shearing motion between 

passage vortex and trailing vortices as above. To analyze these loss cores 

quantitatively, streamwise vorticity coefficient contours and circulations for each 

loss core are represent as Fig. 12 and Fig. 13. Loss core A and B of rough 2 case 

shows higher streamwise vorticity levels than those of smooth case at Fig. 12. 

These higher streamwise vorticity indicate stronger secondary motions which are 

identified by bigger secondary velocity vectors of red arrow on Fig. 12 (b). 

Stronger secondary motions make higher shear around secondary flow structures so 

that loss, in this case secondary loss increases. This rise of secondary loss is the 

major for growth of mass average loss coefficients at measurement plan of 1.2Cx 

downstream from blade leading edge.  

Another way of checking increased secondary loss is comparing circulations of 

each loss core. Circulation is the quantitative values of vortex strength. In this 

study, circulation normalized by incoming velocity and axial chord length is 

applied. Fig. 13 shows normalized circulations of loss core A and B. Loss core A 

which associated with passage vortex shows positive circulation because it rotates 

counter clockwise at Fig. 13 and vice versa for loss core B. 
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Stronger passage vortex appears at rough 2 case than smooth case. Circulation 

for loss core B at rough 2 case is also stronger than smooth as well but absolute 

value of loss core A is bigger than loss core B. This means loss core A leads for 

increasing overall loss dominantly. Normalized circulation both loss core A and B 

is continuously raised but saturated as bigger roughness element adhered. This 

saturation of both loss cores’ circulation can explain the reason why overall loss 

saturation at Fig. 8 above. The reason of saturation of circulations is thought to be 

combine effect of less vortex stretching and strengthen of vortex within inside of 

incoming endwall boundary layer. Even though strength of incoming vortex is 

greater by surface roughness which confirmed by Fig. 15 below, streamwise 

velocity of both loss core A and B at downstream measurement plane is reduced as 

it goes to bigger rough cases. This reduced velocity leads to less vortex stretching 

effect. Above adverse effect between strengthen of incoming vortex and it’s less 

stretching makes circulation saturate, not continuously increase. 
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    (a) 

 

 
   (b) 

 

Fig. 12 Streamwise vorticity coefficient contours with flood at 1.2Cx 
downstream of blade leading edge; (a) smooth (baseline) and (b) rough 2 

 

A

B
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Fig. 13 Normailized circulations according to roughness size at 1.2Cx 

downstream of blade leading edge 
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3.4 Flow turning characteristics 

 As above, it is examined how overall loss is affected by casing roughness of 

employing sand grain on cascade endwall and secondary loss, especially loss 

associated with passage vortex is the major contribution for overall loss increase. 

The Squire and Winter approximation [8] is applied to find out the reason why this 

stronger passage vortex happened. Equation below, known as the Squire and 

Winter approximation is considered wide application in the estimation of 

streamwise vorticity generation. 

, 

∆θ is the bending angle which is considered as turning angle through cascade and 

ωi is the inlet vorticity which is inlet normal vorticity (ωn) due to two dimensional 

incoming flow. According to study of them, streamwise voriticity is proportional to 

product of free stream turning angle and inlet normal vorticity. Both flow turning 

angle and inlet vorticity is the possible reasons of higher streamwise vorticity by 

rough 2 case at Fig. 12 (b) above.  

Firstly, examining turning angle, pitchwise mass averaged flow exit angle at 

1.2Cx downstream from blade leading edge represents at Fig. 14 (a). Free stream 

turning angle measured near midspan between smooth and rough 2 case remains 

within the measuring uncertainty. It means casing roughness by sand grain on 

endwall does not affect free stream turning angle, thus casing roughness does not 
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affect streamwise vorticity change at downstream in the point of free stream flow 

turning through cascade blade. The difference between under turning degree which 

associated with loss core A and B for smooth and rough 2 case is maximum 1.3°, 

which is negligible considering measuring uncertainty of ±1.0°. Fig. 14 (b) shows 

mass averaged deviation angles according to endwall roughness size from smooth 

to rough 1, 2, and 3. There is no significant difference between smooth and rough 2 

case. Based on review of flow turning characteristics, it is known that ∆θ is not the 

major parameter for higher streamwise vorticity at downstream measurement plane. 
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(a) 

 

 
(b) 

 

Fig. 14 Flow turning characteristics according to roughness size from smooth 
to rough 1, 2 and 3 at 1.2Cx downstream of blade leading edge; (a) Pitchwise 
average flow exit angle distribution along the span and (b) Mass averaged 
deviation angles 
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3.5 Incoming flow characteristics 

 To figure out the reason of higher streamwise vorticity of passage vortex, flow 

turning angle has been review according to Squire and Winter approximation above. 

Another parameter of their approximation is inlet normal vorticity (ωn). Assuming 

incoming flow as two dimensional uniform flow, inlet vorticity has just normal 

vorticity component only within the endwall boundary layer. Inlet normal vorticity 

distributions within endwall boundary layer are shown on Fig. 15. Incoming 

normal vorticity of mean velocity for rough 2 case marks higher than smooth case. 

Eventually this higher incoming normal vorticity is the reason for higher 

streamwise vorticity at downstream measurement plane. 

 

Fig. 15 Incoming normal vorticity distributions along with spanwise location 
at mid passage of leading edge line of blade 
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This higher incoming normal vorticity is caused by greater velocity deficit 

toward endwall inside of boundary layer. Incoming endwall boundary layer profiles 

are shown on Fig. 16. Velocity deficit at rough case 2 is greater than that of smooth 

case. Momentum loss due to surface roughness elements on endwall leads bigger 

velocity deficit. Growing momentum loss from smooth to rough 2 case could be 

confirmed by calculations of integral parameters of incoming endwall boundary 

layer at Table 4. Displacement and momentum thickness is getting thicker as 

roughness size on endwall is getting bigger. By shape factors at Table 4, all cases 

incoming flow are already turbulent based on shape factors. Boundary layer 

thickness also becomes thicker but it is hard to tell the differences by considering 

200mm length of blade span. Therefore effects of variation of incoming endwall 

boundary layer thickness is not shown, which reported as wide area occupied by 

passage vortex but peak strength of it is reduced [17]. 
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Fig. 16 Incoming endwall boundary layer profiles 

 
 
 
 
 
Table 4 Integral parameters and shape factors of incoming endwall boundary 
layer  

Case Smooth Rough 1 Rough 2 Rough 3 

Boundary layer thickness (mm) 12.9 13.7 14.1 14.6 

Displacement thickness (mm) 1.66 2.38 2.78 2.81 

Momentum thickness (mm) 1.29 1.65 1.76 1.78 

Shape factor 1.29 1.45 1.58 1.58 

2 δ / H 0.129 0.137 0.141 0.146 
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3.6 Net Loss Increase Through Cascade 

Fig. 17 shows mass averaged total pressure loss growth from 0.7Cx upstream to 

1.2Cx downstream of blade leading edge. Fig. 17 (a) is reproduced the results of 

thin and thick incoming boundary layer from Gregory-Smith and Grave [14]. Loss 

increment between thin and thick boundary layer at inlet is almost same at 

downstream. Loss slope is not changed. This means inlet vorticity change by thin 

and thick boundary layer does not affect additional loss generating. But when 

roughness is on the casing wall, loss gap at inlet between smooth and rough is 

increased at downstream. Slope is getting steeper. It tells additional loss happened 

through cascade. This additional loss can be explained by increased turbulence 

intensity inside incoming boundary layer. Fig. 18 shows turbulence intensity 

profiles of incoming boundary layer. It tells higher turbulence intensity profiles as 

bigger size of roughness elements on endwall. It leads enhancing mixing by higher 

turbulence intensity within incoming boundary layer and this is thought to be the 

reason of additional loss. This is the different result from those of showing same 

inclined loss curve both incoming thin and thick boundary layer [12], [13], [14], 

[17]. 
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(a) 

 

 
(b) 

 

Fig. 17 Mass averaged loss coefficients between inlet and downstream of 
cascade; (a) Reproduced, thin and thick incoming boundary layer from 
Gregory-Smith and (b) Rough endwall cascade 
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Fig. 18 Turbulence intensity profiles of incoming boundary layer 
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4. Conclusions 

Mass averaged loss coefficients were increased from 0.043 to 0.050, 0.054, 

0.059 from smooth to 0.001, 0.002 and 0.005 of ks / C size of rough case 

respectively. Mass averaged loss coefficient was not linearly increased but 

saturated at rough 3 case (0.005 of ks / C). 

Above increments of mass averaged loss coefficients caused by higher 

secondary losses, especially stronger passage vortex was the main reason as bigger 

size of roughness adhered to the endwall. Saturation of mass averaged loss 

coefficients at rough 3 case was also explained saturated circulations which 

associated with passage vortex and counter vortex from smooth to rough 3 case due 

to adverse effects between the strengthen of incoming vortex and it’s less stretching. 

The bigger roughness on the endwall created the greater velocity deficit so that 

incoming normal voriticity within incoming endwall boundary layer was higher 

due to momentum loss by endwall surface roughness elements. 

Above increment of incoming normal voriticity as attaching bigger size of 

roughness element to the endwall provoked stronger streamwise vorticities at the 

downstream of cascade which is following by classical secondary flow theories [8], 

[9]. 

Effect of variation of incoming boundary layer thickness was little by attaching 

roughness element to the endwall. 
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Additional loss was generated through blade passage by confirming comparing 

the loss difference between downstream and inlet for all rough cases. 

The effects of casing roughness on aerodynamic performance, especially 

secondary loss in a linear turbine cascade have been addressed in this study. The 

new contributions of this study are as follows. 

 

1. Experiments to investigate the effects of casing roughness in a turbine 

cascade are conducted by adhering sand grain on the linear cascade tip 

endwall. 

2. Casing roughness makes overall loss increase. 

3. But overall loss increment is not continuously rise but saturated as 

roughness size goes greater due to saturation of circulations of both region 

of passage vortex and counter vortex. 

4. Saturation of circulations is due to adverse effects between strengthen of 

incoming vortex and it’s less vortex stretching by reduced streamwise 

velocity due to higher momentum deficit from roughened endwall.  

5. The major portion of overall loss increase is secondary loss, especially 

generated by passage vortex. 
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6. Casing roughness increases incoming normal vorticity by greater velocity 

deficit within incoming boundary layer, which causes strong streamwise 

vorticity at the downstream.  

7. Additional loss happens due to greater turbulent mixing by higher 

turbulence intensity within the incoming boundary layer of rough cases, 

which is contrast to previous experiment results of thin and thick boundary 

layer. 
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요약(국문초록) 

터빈 캐스케이드에서 케이싱의 표면 

거칠기가 공력 성능에 미치는 영향 

 
케이싱의 표면 거칠기가 터빈 캐스케이드의 공력성능에 미치는 

영향을 연구하기 위해 끝벽의 블레이드 상류에 3 가지 다른 

크기(ks=105, 180, 500μm)의 모래 알갱이로 표면 거칠기를 구현하여 

블레이드 하류에서 전압 손실을 5 홀 프르브를 이용하여 측정하였다. 

통로와류에 해당하는 2 차 손실의 증가가 전체적인 질량 평균 손실계수 

증가의 원인임을 손실 계수 컨투어, 순환, 유동방향 소용돌이도 

컨투어를 통해 확인했다. 끝벽의 표면 거칠기가 입구 유동의 경계층 

특성을 변화시켜, 이에 따라 입구 유동의 소용돌이도가 커진 것이 

블레이드 하류에서 통로 와류에 의한 손실을 증가시키는 원인이었다. 

또한 끝벽의 표면 거칠기는 경계층 내의 난류 강도를 증가시켜 추가적인 

2 차 손실을 발생시켰다. 

 

주요어 :케이싱 표면 거칠기, 터빈 케스케이드, 통로 와류, 손실계수 

학  번 : 2012-23174 
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