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(ABSTRACT) 

An experimental study to determine the effects of riblets on the 

performance of the supersonic through-flow fan (STF) cascade blades was 

performed. The two-dimensional cascade was tested in the Virginia 

Polytechnic Institute and State University intermittent wind tunnel facility, 

where the Mach and Reynolds (based on chord) numbers were 2.36 and 4.8 x 

10°, respectively. Three different V-grooved riblet heights were tested on the 

blades: 0.023, 0.033, and 0.051 mm. Riblet testing were conducted at design 

incidence as well as at off-design conditions (incidence angles: +5, -10 deg). 

The riblet effect on the performance of the STF blades was determined 

by measuring the total pressure profile downstream of the cascade and 

integrating this total pressure to obtain an overall mass-averaged loss



coefficient. The riblet loss coefficient was compared with the loss coefficient 

of a control test case where an equivalent thickness of smooth material is 

applied to the blades. Results show that, at the design incidence, the 0.033 

mm height riblets provided the optimal benefit, with a reduction of 8.5% in the 

loss coefficient compared to the control case. Smaller effects were measured 

at the off-design conditions. 

Shadowgraph pictures were taken to study the effect of riblets on the 

turbulent transition location on the blades surfaces. At design incidence, the 

shadowgraphs revealed that the optimum height riblets delayed the transition 

location on the suction surface of the blades. Therefore, it was concluded that 

for the 0.033 mm height riblets the decrease in the cascade’s loss coefficient 

was the result of delayed transition in addition to a decrease in turbulent 

viscous losses. 

A numerical simulation was conducted to investigate both riblet effects 

on the STF blades. The numerical study showed that only the combination of 

the two riblet effects was able to produce a decrease in loss coefficient that was 

observed experimentally. Results from the numerical study indicate, that at 

design incidence, 2/3 of the riblet benefit is attributed to the delayed transition 

effect on the blades with the other 1/3 resulting from a decrease in turbulent 

viscous losses.
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1.0 Introduction 

The increasing demand for international air travel has created renewed 

interest in a second-generation, supersonic transport aircraft known as the 

high speed civil transport (HSCT). Unlike the current generation of 

commercial supersonic aircraft, the HSCT is designed to economically compete 

with the subsonic wide-body aircraft. In order to produce a more viable 

supersonic aircraft, significant technological advancements in propulsion 

systems must be developed. 

For the HSCT, one approach to improve the propulsion system efficiency 

involves an innovative turbofan concept known as the supersonic through-flow 

fan (STF). The unique design of the STF allows the flow entering and exiting 

the fan to be supersonic in the absolute reference frame. This significantly 

differs from a conventional turbofan, which first diffuses the flow to a subsonic 

axial velocity before entering the fan. 

In 1956, Ferri” uncovered, through the use of cycle studies, the potential 

advantages of the flow entering the fan at supersonic axial velocities. Years 

later, design refinements of Ferri’s concept by Advance Technology Laboratory, 

Incorporated”! developed the idea for axially supersonic velocities throughout 

the fan stage. Physical distinctions between a STF and a conventional 

turbofan engine are presented in Figure 1.1. The smaller STF engine provides 
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Figure 1.1 Comparison of STF Engine and Conventional Turbofan 
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a significant amount of weight savings. Compared to a conventional fan 

engine, the STF features a shorter inlet because the flow is not slowed to 

subsonic velocities. A shorter inlet produces lower inlet drag and lower 

diffusion losses with less energy requirement for boundary layer bleed. 

Further weight reduction results from the supersonic through-flow fan engine 

needing only a single fan stage to produce the required pressure rise. 

Several cycle studies, incorporating the STF engine concept into a high 

[3] in speed civil transport aircraft, have shown potential benefits. Franciscus 

1978 and Tavares in 1985 studied the supersonic through-flow engine concept 

at flight conditions of Mach 2.32 and Mach 2.7 respectively. Conclusions from 

their studies indicate a 25% reduction in the propulsion system weight and a 

12% reduction in fuel consumption. The combination of these results provides 

a 25% increase in flight range. Further information on the possible 

advantages of the STF engine are provided by Kepler and Champagne,” 

Franciscus,! and Saunders and Glassman.”! 

Until recently, experimental studies to determine the feasibility of a fan 

accepting supersonic axial flow were limited, with Boxer," Savage et al.,'! and 

Breugelmans"”” providing only preliminary data. As a result, the N.A.S.A. 

Lewis Research Center initiated the STF program to design, build, and test a 

fan rotor that operates with supersonic axial velocity from inlet to exit. Due 

to a limited experimental database, the design phase of the STF fan heavily 

depended on computation fluid dynamics (CFD). This was particularly true for 
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the shape of the STF blades as documented by Wood, et al."" and Schmidt, et 

al?! 

In conjunction with the STF development work at N.A.S.A Lewis 

Research Center, Virginia Polytechnic Institute and State University 

(VPI&SU) constructed a linear, two-dimensional supersonic through-flow 

cascade in order to study the flow physics of the STF rotor in more detail. 

Previous research at VPI&SU with the STF cascade extensively tested the 

131 made mean flow original prototype blading design. Chesnakas 

measurements and developed a method to account for the different loss 

mechanisms in the cascade. Turbulence measurements in the wake at design 

conditions with use of a single hot-wire probe were recorded by Bowersox."*! 

Andrew,” using a two component Laser Doppler Anemometer (LDA) system, 

studied the character of the turbulence in the wake in an attempt to improve 

CFD calculations at off-design conditions. 

The emphasis of the present research is distinct from all previous 

research in the STF cascade. Rather than further study the flow physics of the 

original blade design, this research focuses on improving the performance of 

the STF cascade by modifying the blade surface with riblets. 

Riblets, a passive technique, reduce turbulent skin friction drag by 

modifying the smooth surface geometry with micro-grooves. The riblets’ effect 

on the performance of the supersonic through-flow cascade blades was 

determined by measuring differences in the wake profile downstream of the 
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cascade. Results from the riblet effects for varied riblet heights and different 

cascade inflow incidence angles are presented in this document. In addition, 

shadowgraph photography of the flow between the blades and a two- 

dimensional, computational simulation were executed in order to better 

understand the riblet effect on the performance of the cascade blades. 

This dissertation will first review the past riblet research. Next, a 

description of the cascade facility and experimental procedure will be given. 

Then the unique flow field characteristics of the cascade--for design and off- 

design conditions--will be presented, followed by the experimental results. The 

next two sections describe a method to numerically model the riblet effects on 

the cascade blades and the results from this numerical simulation. Lastly, 

conclusions from the riblet study are presented. 
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2.0 Riblets 

For more than a decade, evidence has shown that modifying the 

geometry of a smooth surface can reduce viscous losses in turbulent boundary 

layer. This achievement results from altering the smooth surface with 

microgrooves, known as riblets, and aligning these grooves longitudinally with 

the mean flow direction. A sketch of a riblet geometry, defining the riblet 

height and spacing, and its orientation to the mean flow direction is given in 

Figure 2.1. Although riblets provide an increased wetted surface area, the net 

result can be a 10% reduction in viscous drag when compared to a smooth 

surface. 

This chapter summarizes the significant results from other riblet 

studies with an emphasis of relating it to the current riblet experiment. A 

more detailed review regarding the developments of riblet research can be 

found in Walsh," Coustols and Savill,"” Bandyopadhyay," and Savill."" In 

this chapter, a general discussion of riblet performance in different flow 

conditions and surface geometries will be introduced first. This is followed by 

the possible explanations for the riblets’ ability to reduce skin friction. Finally, 

a review of the computational efforts to model riblets in turbulent flows is 

presented. 
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2.1 Riblet Performance 

Early investigations into the drag reduction potential of riblets centered 

on subsonic and transonic external turbulent flows with simple surface 

geometries, i.e., flat plate. One of the first researchers to investigate the 

influence of riblets on a turbulent boundary layer was Walsh. Through an 

extensive parametric study, Walsh with others”°??) at N.A.S.A Langley 

Research Center researched the effectiveness of many different riblet 

geometries. Some examples of the different shapes investigated are presented 

in Figure 2.2. In these studies, a V-groove riblet with a height and a spacing 

about twice the sublayer thickness produced an optimum 8% drag reduction. 

This result was later confirmed by a number of other researchers.”*?*! 

For internal flows, similar results to the above flat plate studies were 

documented. Most of this research has centered on pipe flow experiments.”°*”! 

For cascade flows, only one successful riblet study is reported. Fang et al.?” 

studied a cascade of NACA-65-0100 compressor blades at low speed. A 

decrease in losses of more than 10% was reported. Also, the riblets’ 

performance was shown to be insensitive to small changes in the cascade 

incidence flow angle. 

For supersonic flows, riblet research was limited to a few studies in 

Riblets 8



os <> 
MI)AAA AINAAKX 

h 

Figure 2.2 Examples of Walsh’s Parametric Study 

Riblets



external flows. Robinson"! analyzed the effects of riblets on the turbulence 

structure at Mach 2.97. Although no attempt was made to measure the change 

in drag, Robinson showed that the riblets reduced the intensity of the 

turbulent fluctuations in the buffer zone of the boundary layer. Gaudet'*®! 

studied the riblet effects on a flat plate. At Mach 1.25, he measured a 

maximum reduction of 7%. A preliminary flat plate study by Coustols et al.°© 

at Mach 1.9 indicated a maximum drag reduction close to 10%. Another riblet 

study, conducted on a cylindrical centerbody with Mach numbers varying 

between 1.6 and 2.5, showed a reduction in drag of 4.5%.°" 

Lately, the successful application of riblets has not been restricted to 

simple surface geometries. For example, studies include the testing of riblets 

8) and wing.“ Wind on the surfaces of an aircrafts’ nacelle," fuselage, 

tunnel testing of riblets on an airfoil at both subsonic and transonic conditions 

has been conducted.'*! Also, riblets have been applied to the three- 

dimensional surface of a keel of the racing yacht "Stars and Stripes" and a 1/8 

scale model of the "Australia II".“*! The conclusions from these experiments 

reinforce the drag reduction potential found in the flat plate studies. 

The results from previous riblet studies indicate that a wide range of 

riblet heights can decrease the viscous losses in a turbulent boundary layer. 

By defining a nondimensional riblet height, Savill"* has shown that most 

riblet results for subsonic, transonic, and supersonic flows can collapse into one 
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general performance curve. The nondimensional riblet height, h*,’ is defined 

as: 

Pywitgh (2.1) 
Hy 

h* = 

where u, is the friction velocity, h is the riblet height, yw, is the viscosity at the 

wall ,and p,, is the density at the wall. Presented in Figure 2.3 is the trend for 

the riblet height parameter, h* versus drag reduction. Figure 2.3 represents 

a general curve fit of the results from Savill"” along with results from more 

recent riblet studies. For the riblet performance trend, the change in drag, AD, 

is defined as: 

D D.,.- 
AD = —Tiblet__~ smooth (2.2) 

Donooth 

In Figure 2.3, an optimum reduction is achieved at an h* of 

approximately 13. The trend shows a diminishing riblet benefit for heights 

that diverge from the optimum riblet height. Below an h* of 5 and above an 

h* of 25, the effectiveness of the riblets to reduce viscous drag can be lost or 

even be detrimental. 

The main focus of previous riblet studies has centered on testing riblets 

in a turbulent boundary layer. As described earlier, riblets can produce a 10% 

decrease in turbulent viscous losses. In a laminar boundary layer, riblets are 

not as effective. Rohr et al.” studied riblets in a laminar, fully developed pipe 

  

"Nondimensional riblet spacing, s*, can also be used. 
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flow and found no significant change in skin friction due to the riblets. In a 

low speed flat plate study, Djenidi et al.'**! reported that riblets produce only 

a negligible change in drag for a laminar boundary layer. 

Very little attention has been focused on the riblet’s effect on the 

transition of a laminar boundary layer. Typically, riblet tests are conducted 

in fully turbulent flows as the boundary layer is artificially tripped upstream 

of the riblets. Only two studies have documented the effect of riblets on 

transition and their results are contradictory. Newmann and Dinkelacker'** 

studied the riblet effects on a cylindrical centerbody located in a water tunnel 

and concluded that riblets delay the development of the initial turbulent 

structure. In their study, they attributed part of the measured 13% decrease 

in viscous drag to the riblet’s ability to delay transition. On the contrary, Ladd 

et al. conducted experiments on the effects of riblets on a flat plate in a 

water tunnel. They concluded that riblets, similar to roughness, instigate the 

boundary layer transition to turbulence earlier than a smooth surface. 

Even though riblets were successfully tested in a wide variety of 

different flow environments, they have never been tested in a flow similar to 

that provided by the STF cascade. Illustrating this point, Table 1 summarizes 

the previous riblet studies, including the STF cascade study, in terms of 

surface geometry and flow conditions. 

Unlike most riblet studies, the boundary layer in the STF cascade was 

not artificially tripped--allowing an opportunity to study the riblets effect on 
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transition. In addition, the cascade environment was one of supersonic 

internal flow where shock-boundary layer interaction predominates. Also 

present was an overall favorable pressure gradient. This minimizes boundary 

layer growth and accelerates the flow as it proceeds through the blade passage. 

More details on the STF cascade’s unique flow field are provided later in this 

document. 

Table 1. Summary of Previous Riblet Studies 

  

  

  

  

  

  

  

  

  

Surface Flow Conditions 

Geometry Subsonic Transonic Supersonic 

External: flat plate x x x 

airplane x x 

components 

racing yacht x 

cylindrical x x x 

centerbody 

Internal: pipe x 

cascade x (STF) 

diffuser x                 
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2.2 Mechanism for Drag Reduction 

At this time, the riblet mechanism to reduce viscous losses is poorly 

understood. In an attempt to explain the mechanism, numerous low speed 

studies, involving flow visualization techniques and detailed measurements 

just above and within the riblet grooves, were initiated. Presently, two 

potential explanations for the drag reducing effect exist. One idea suggests 

that riblets alter the turbulent production process; the other hypothesizes that 

the mechanism is purely a viscous one. The only agreed upon conclusion, from 

these studies, is that the riblets’ drag reducing effect is limited to the inner 

region of the turbulent boundary layer. This riblet effect produces an apparent 

thickening of the viscous sublayer and an upward shift in the law of wall 

profile. As shown later, the above conclusion was helpful to model the riblet 

effect in the numerical simulation of the STF cascade. 

2.2.1 Turbulent Production Mechanism 

A number of researchers believe that riblets reduce skin friction by 

modifying the coherent structure of the turbulent boundary layer. Bacher and 

Smith”, through a combined flow visualization and hot-film anemometry 
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study, proposed that secondary vortices form at the riblet peak. These counter- 

rotating vortices weaken the stream-wise vortices and help retain the low 

speed fluid with the riblet grooves. In other words, riblets delay the 

development of the turbulent boundary layer which results in a reduction in 

[48] eonducted the turbulent wall skin friction. In another study, Choi 

measurements inside and above U-shaped grooves and concluded that riblets 

operate by restraining the lateral movement of the counter-rotating vortices. 

Choi results showed a reduction in bursting activity and, therefore, a reduction 

[49] in one of the main sources of turbulent production. Falco” suggested that the 

result of the thickened sublayer by the riblets may decrease the initial bursting 

rate. 

2.2.2 Viscous Mechanism 

Another possible explanation is that the riblets provide a purely viscous 

process for drag reduction. Detailed studies of the symmetric V-groove riblet 

design were conducted by a number of researchers to propose a viscous 

mechanism.°*?! Measurements from these experiments showed an increase 

in wall shear stress near the riblet peak, but a substantially reduced shear 

stress within the riblet valley. Extensive measurements in a riblet groove by 

Park and Wallace! allowed the integration of the riblet wall shear stress. 

Their results indicate that even though the riblets provide an increase in 

Riblets 16



wetted surface area, the net result produced a lower drag than a smooth 

surface. Park and Wallace attributed this drag reduction due to the slow 

moving, viscous dominated fluid within the riblet grooves. This type of flow 

prevented the high-momentum fluid from above the riblets to penetrate into 

the lower half of the riblet grooves. 

Clearly the understanding of the riblet’s mechanism to reduce viscous 

losses is incomplete. For the STF riblet study, the size of the riblets preclude 

any detailed measurements in the riblet vicinity. Therefore, this research is 

limited in studying the effects of the riblets on the supersonic through-flow 

cascade blades by measuring differences in the wake profile downstream of the 

cascade. 

2.3 Computational Efforts 

A significant number of computational efforts have been undertaken in 

order to better understand the riblet effect. Computational studies have been 

used to try to explain the riblet drag reduction mechanism and also to optimize 

riblet shape. In addition, a method to model the riblet effect was developed to 

predict the performance of riblets on various surface geometries and different 

flow conditions. 

[54] The first riblet computational study was performed by Kahn’ who used 

an algebraic Reynolds stress turbulent model over 3-dimensional V-shaped 
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grooves with an aspect ratio (h/s) of 2. Kahn found an optimum riblet height 

of an h* of 8 produced 20% drag reduction. He attributed the reduction to the 

formation of a secondary vortex prohibiting high momentum fluid into the 

riblet grooves. These results, however, are in question due to the low mesh 

resolution used in the study. 

Bechert and Bartenwerfer®! developed a unique approach to study 

riblets. Using conformal mapping, Bechert and Bartenwerfer charted the 

linear sublayer profile of a smooth flat plate onto a variety of sublayer-scale 

riblet surfaces. Their calculations showed that riblets see a substantial 

reduction in shear stress within the riblet valley and an increase in shear 

stress near the riblet peak. They concluded that the primary drag reduction 

mechanism is a viscous one. 

[56] Recently, Launder and Li” explored the effectiveness of L, V, and U- 

shaped riblets in turbulent flows by applying a two-equation turbulence model 

inside the riblet grooves. The optimization process concluded that the U-shape 

design provided better performance than the commercial V-groove riblet. A 

similar trend for drag reduction versus riblet height was obtained in this 

study; however, the optimum size occurred at larger riblet heights than 

experiments had indicated. The authors attributed the shortcomings to the 

turbulent model’s inability to restrain secondary motions leading to an 

inefficient amount of momentum exchange. 

Both Choi et al.©” and Chu and Karniadakis®® used direct numerical 
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simulation to calculate a drag reduction for riblets on a flat plate. Choi et al. 

indicated the drag reduction resulted from the riblet size restricting the 

location of the stream-wise vortices to appear above the riblet peak. As a 

result, only the limited area near the riblet peak is exposed to the induced 

high-speed fluid from the vortices. In the other numerical simulation, Chu and 

Karniadakis concluded the mechanism was due to the riblets prohibiting the 

span-wise motion and the ejection of low speed fluid from the near wall region. 

A practical approach for modeling the riblet effect was carried out by 

McLean et al.” In concept, the riblet effect on the turbulent boundary layer 

is modeled without going into the riblet grooves themselves. By representing 

the riblet effect in the turbulent model as a "negative roughness" function’, 

McLean et al. were able to predict the overall reduction in viscous losses. The 

advantage of this approach is that only a 2-D numerical simulation is required 

to simulate the riblet effect in a turbulent boundary layer. In addition, this 

concept can easily be adapted to predict the global riblet benefit for most 

numerical simulations regardless of surface geometry and flow conditions. 

McLean et al. simulated riblets on an airplane wing. Compared to the 

experimental results, the simulated results were underpredicted--both in the 

smooth and riblet case. However, the relative change in viscous losses between 

the simulated smooth and riblet surfaced wing compared very well with the 

  

*Rotta’! describes the roughness function as simply a shift in the reference plane 
beneath the actual surface. 
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experimental results. Using the same modeling method, Truong and Pulvin®™” 

performed a turbulent flow computation with riblets in a diffuser. The 

computations with the riblet effect showed good agreement with their diffuser 

experimental results. 

The concept for modeling the riblet effect in a turbulent boundary layer 

was used in the simulation of the supersonic through-flow fan cascade blades. 

Unlike the studies by McLean et al. and Truong and Pulvin, the predicted 

reduction in the turbulent skin friction did not match the change in viscous 

losses due to riblets in the STF cascade. As will be shown later, the reason for 

the disagreement is that riblets provide two distinct drag reducing functions 

on the STF cascade blades. Riblets reduce the turbulent viscous losses and 

also postpone the development of the turbulent boundary layer. 
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3.0 The Experiment 

3.1 Wind Tunnel Facility 

The riblet experiments were conducted in the VPI&SU cascade wind 

tunnel. An overall schematic of the facility and photograph of the 2-D nozzle 

and test section are presented in Figure 3.1 and Figure 3.2 respectively. The 

facility is an intermittent blow down tunnel with a run time of approximately 

20 seconds. The compressed air is dried, filtered, and cooled to a total 

temperature of approximately 290 K before entering the storage tanks. A 

personal computer controls the movement of a butterfly valve via feedback 

control loop. During tunnel operation, the valve adjusts to maintain a total 

pressure of 450 kPa in the settling chamber. The settling chamber contains 

flow straighteners and screens to reduce the freestream turbulence level to 

approximately 1%."“ The flow conditions of the facility provide a unit 

Reynolds number of approximately 48 million per meter based on chord. A 2-D 

converging-diverging nozzle provides a nominal Mach number of 2.4 to the test 

section inlet. Downstream of the test section, the air exhausts through a 

muffler to atmospheric conditions. 
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3.2 STF Test Section 

The supersonic through-flow cascade test section is presented in Figure 

3.3. The test section is 22.86 cm in height and 15.25 cm in span. The inlet 

Mach number to the test section is 2.36+0.05.""' The circular test section doors 

are designed to rotate for facilitating the testing of blades at different inflow 

angles. The doors contain plexiglass windows so that shadowgraph 

photography of the flow field between the blade passages can be taken. The 

test section consist of six full-scale blades based on the midspan design of 

N.A.S.A Lewis prototype blades. As seen in Figure 3.4, the six cascade blades 

have a chord length, C, of 10.03 cm and a span, s, of 3.02 cm. This provides 

a solidity of 3.32. 

Also presented in Figure 3.4 is the definition of the inflow angle and the 

cascade coordinate system. The design incidence, i=0°, for the cascade blades 

is defined as the direction parallel to the blade suction surface at the leading 

edge. For the measurements downstream of the cascade, a x-y coordinate 

system is defined, as shown in Figure 3.4, with the x-direction perpendicular 

to the trailing edges of the cascade blades and the y-coordinate parallel to the 

cascade. The origin of the coordinate system is at the trailing edge of the third 

blade from the bottom of the cascade. All measurement for the riblet 

experiment were made downstream of the cascade and at the midspan location 

of the blades. 
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Figure 3.3 STF Test Section 
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Figure 3.4 STF Cascade Nomenclature 
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3.3 Pitot-Static Probe 

Measurement were made downstream of the cascade using a Pitot-static 

probe designed by Chesnakas."*! The probe, shown in Figure 3.5, is designed 

for two-dimensional supersonic flows. A Pitot tube is centrally mounted on the 

probe with a parallel plate located on each side. Each plate contains a 

pressure tap to measure static pressure. Since the flow is supersonic 

downstream of the cascade, the pitot tube measures the total pressure behind 

a normal shock. The supersonic conditions in the cascade also required that 

the plates be located far enough apart so the shocks originating from the front 

of the plates do not interfere with the flow at the Pitot tube. More detailed 

information regarding the Pitot-static probe can be found in reference 13. 

The Pitot pressure and the static pressure measurements from the probe 

are used to calculate Mach number, total pressure, P,, and mass flux, pu, 

downstream of the cascade blades. Integration of the calculated profiles 

produces a mass-averaged loss coefficient which was used to determine the 

riblet effect on the blades. 

3.4 Wind Tunnel Test Procedure 

For the riblet study, the Pitot-static probe was positioned downstream 
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of the cascade at the axially station of x/C=0.37. During a tunnel run, the 

traverse mechanism moved the probe at a constant speed parallel to the 

trailing edges of the cascade blades. At a predetermined probe location the 

data acquisition process was activated. Total pressure and temperature 

upstream of the cascade along with Pitot, static pressure measurements, and 

probe location were recorded. The tunnel run time required for a complete 

probe survey was approximately 10 seconds. The riblet test conditions for 

different riblet heights and incidence angle investigated in the STF cascade is 

presented in Table 2. 

Table 2. Riblet Test Conditions 

  

Cascade Incidence Angle 

(deg) 

Riblet Height 

(mm) 

SS 

0 0.023 

  

  

  

      
0 0.033 

0 0.051 

-10 0.033 

+5 0.033 
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3.5 Data Reduction 

In the data reduction process, the resultant Pitot pressure and average 

static pressure were used to calculate profiles of Mach number, total pressure, 

and mass flux downstream of the cascade blades. Total pressure profiles for 

the riblet and smooth covered blades were compared in order to help 

understand the riblet effect on the blades. Integration of the total pressure 

profile in combination with the mass flux profile produced a mass-averaged 

loss coefficient. Comparison of the loss coefficients quantified the performance 

of riblets on the supersonic through-flow cascade blades. 

3.5.1 Mean Flow Calculations 

The Mach number is calculated from the one-dimensional gas dynamics 

relationship involving the ratio of the Pitot pressure, p,, to the static pressure, 

p. 

1 yA 1 
Pp Y _ y+ Y M2 yu2-1—4 ¥ (3.1) 

Pp 2 2 

A curve fit for the above expression was used to solve for Mach number 
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M = 0.8889857o°*°9© +0.020721 + 0.0917443 (3.2) 

where 

= 72 - 0.892929 (3.3) 
P 

The total pressure downstream of the blades was calculated from the 

relationship 

Ye 
P. =P 1 + ae (3.4) 

  

and the mass flux downstream of the cascade from the equation 

“l(y +1) 

(pu), = Pp M f + he ty) (3.5) 

3.5.2 Integrated Loss Coefficient 

Mass-averaged loss coefficient is calculated by integrating the calculated 

total pressure and the mass flux for one complete blade spacing, S, to get an 

overall total pressure, P,,, downstream of the cascade blades defined as 
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__ f (pu), Ppdy 

  

P, (3.6) 
s 

[, (owndy 

The mass-averaged loss coefficient is calculated from 

w, = a (3.7) 
y - Pt 

Py 

where P,, and p, are the total pressure and static pressure upstream of the 

cascade blades. 

3.6 Riblet Material 

The riblet material was manufactured by 3M and consists of vinyl 

sheeting with machined V-grooves and a self adhesive backing. Riblet material 

was applied to the surfaces of the blades by starting at the pressure side 

trailing edge and wrapping the material around the leading edge. The 

application was completed at the trailing edge of the suction side of the blade. 

This procedure provided a smooth continuous riblet covered surface for the 

STF blades. 

The application of the riblet material increases the radius of the leading 
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edge. Due to the supersonic nature of the STF cascade, any enlargement of the 

leading edge radius will result in an increase in the losses from the leading 

edge shock. As a result, the riblet covered blades were not compared to the 

smooth bare blades. Instead, the riblet results were compared to a smooth 

layer result with an equivalent riblet thickness. Since a smooth material with 

the appropriate thickness of the riblet material could not be obtained, the 

riblet results were bracketed between the results of one and two layers of a 

smooth material and compared to the results of an interpolated, equivalent 

thickness of smooth material. The method used to determine the smooth, 

equivalent thickness result will be discussed later in this paper. 

The application of the smooth material was the same as describe for the 

riblet material. Figure 3.6 and Table 3 describes the thicknesses of smooth 

material and the three different sizes of 3M riblet material used in the 

experiment. 

3.7 Riblet Test Procedure 

The riblet testing procedure entailed a number of repetitive runs to 

ensure the effect was the result of the riblets on the blades and not from any 

variations in the facility or instrumentation. A total of six testing stages were 

required to complete the riblet test and an outline is presented in Table 4. In 

each stage, back-to-back runs were completed to ensure testing repeatability. 
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Table 3. 3M Riblet Material 

    

  

  

  

  

      

Material Thickness (mm) 

Smooth, one layer 0.081 

0.023 mm height riblet 0.099 

0.033 mm height riblet 0.135 

0.051 mm height riblet 0.137 

Smooth, two layers 0.162     
  

Spacing 

Height }- Raw kT 
Thickness 

Figure 3.6 Riblet Dimensions 
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The first stage, designated as the baseline test, involved testing the 

blades with no material on them. The second and third stages were performed 

with one and two layers of smooth material on the blades. Next, in the fourth 

stage, all material was removed from the blades and the baseline test was 

repeated. The riblet material was applied and tested in the fifth stage. 

Finally, the bare blade test was repeated to bracket any tunnel variations. 

Table 4. Riblet Test Procedure 

  

  

  

  

  

  

| Stage Number Description 

1 No Material (Baseline) 

2 One Layer 

3 Two Layers 

4 Baseline 

5 Riblets 

6 Baseline         
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4.0 Flow Field Description 

As described earlier, the test section doors can be rotated to investigate 

different incidence angles. The major characteristics of the flow field in the 

STF cascade for design, -10° incidence, and +5° incidence are briefly described 

below. The flow physics differ for all three incidence angles. Also, the effect 

of the riblets on the cascade blades’ performance varies with incidence angle. 

The description of the flow field is based on a combination of techniques: 

surface oil flow visualization, surface pressure measurements, and 

shadowgraph photography. Additional details on the STF cascade flow field 

can be found in Chesnakas"* and Andrew."*! 

4.1 Design Incidence 

A schematic of the major flow field features of the STF cascade at design 

incidence is displayed in Figure 4.1. The Mach number in the STF cascade is 

2.36 with a Reynolds number based on chord of 4.8 million. A favorable 

pressure gradient exist through the blade passage. This limits boundary layer 

growth and helps prevent massive flow separation. Bow shocks originate at 

the leading edge of the blade and move downstream into the blade passage 

where they reflect on adjacent blade surfaces. At design incidence, the blades 

Flow Field Description 36



yooys 
re-Yst 

  

sdUNPIOU] 
USISEG 

‘UONdIIOSeGg 
P[elYy 

MOLT 
Tp 

eans1y 

yoous 
o> 

UOISsaIdUuI0d-31g 

       

yooys 
Mog 

 
 

37 Flow Field Description



are designed to prevent boundary layer separation from the shock-boundary 

layer interaction. A pre-compression wave forms due to a coalescence of Mach 

lines above the concave curvature at the leading edge suction surface. This 

shock reflects from the adjoining pressure surface at 1/4 chord and back to the 

suction surface near 3/4 chord. At the trailing edge, weak "fishtail" shocks 

adjusts flow conditions between the suction and pressure side of the blade. 

Due to supersonic conditions, the losses in the cascade are the result of 

both viscous and shock effects. Riblets are effective in reducing viscous losses 

and therefore are able to decrease only a certain percentage of the total losses 

in the cascade. Chesnakas'*! developed a method to account for the different 

loss mechanisms in the STF cascade. At design incidence, Chesnakas 

estimated the viscous losses to be 33% of the total losses in the STF cascade. 

At N.A.S.A Lewis Research Center,'* computational results indicate that the 

viscous losses are nearly 50% of the total losses in the cascade at design 

incidence. 

4.2 -10° Incidence 

The flow field description for the off-design case of -10° incidence is 

illustrated in Figure 4.2(a). The most noticeable difference between design and 

-10° incidence is the separation of the boundary layer due to the shock 

impingement on the blade pressure surface. The shock-separated region is 
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located near the leading edge. The separated flow reattaches to the blade 

surface forming a bubble. This separation bubble is followed by a highly 

localized adverse pressure gradient on the blade surface. As a result of the 

shock-boundary layer interaction, a separation shock and reattachment shock 

are formed and impinge on the opposing suction side blade surface. Viscous 

losses are calculated to be 17%" to 35%'*" of the total losses at the -10° 

incidence case. 

4.3 +5° Incidence 

The flow field for the +5° incidence is represented in Figure 4.2(b). 

Similar to the -10° case, the shock-boundary layer interactions is severe 

enough to produce a separation bubble in the boundary layer. However for the 

+5° case, the location of the bubble is at the mid-chord region of the blade’s 

suction surface. The resultant separation and reattachment shocks of the 

bubble propagate downstream striking the adjoining pressure surface before 

exiting the blade passage. In the +5° incidence case, 25%""*! to 40%'*" of the 

cascade losses are estimated to be viscous losses. 
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5.0 Experimental Results 

For the STF cascade riblet study, the riblet effects were evaluated by 

comparing the mass-averaged loss coefficients of the riblet covered blades to 

blades having an equivalent layer of smooth material. Downstream total 

pressure profiles were also compared in order to better understand the riblet 

effect on the blades. In addition to the riblet study, a separate leading edge 

study was conducted for the purpose of determining how to interpolate for the 

equivalent layer of smooth material for the riblet study. 

In the riblet study, three different size riblets were investigated at 

design incidence. All three sizes produced a decrease in losses; however, only 

the optimum riblet size was investigated at off-design conditions of +5° and 

-10° incidence. Also examined in the riblet study were shadowgraphs focused 

on the leading edge of the blades--where the transition of the laminar 

boundary layer occurred. Unlike conventional riblet studies, the reduced 

viscous losses in the STF cascade are attributed to two different effects. As 

will be shown below, the riblets decreased the turbulent viscous losses and also 

delayed the onset of the turbulent boundary layer on surface of the blades. 
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5.1 Effect of Leading Edge Thickness on Losses 

As described in Chapter 3, the riblet material was applied to the blades 

by wrapping it around the leading edge. For the enlarged leading edge radius, 

the losses in cascade increase due to the leading edge bow shock effect. In 

order to determine the reduction in viscous losses from the riblets, the riblet 

results were compared to a smooth layer result, with an equivalent leading 

edge thickness to the riblet material. The method to calculate for an 

equivalent smooth layer result is presented below. 

To determine the effect of an increased leading edge thickness on the 

losses of the cascade, a number of layers of smooth material were applied only 

to the leading edge of the blades. The blades were tested with one, two, and 

three layers of smooth material. For the cascade, a relationship between loss 

coefficient and number of layers of material was determined for design and off- 

design incidence angles. The first layer of material was applied to the blade 

surface at approximately 5% chord on suction surface. The material was 

wrapped around the leading edge and ended at approximately 5% chord on the 

pressure surface of the blade. Each additional layer of material overlapped the 

previously applied layer so that the smoothest possible transition with the 

blade surface was maintained. The final layer of smooth material covered less 

than 10% of the chord on each side of the blade surface. 

In Figure 5.1, the mass-averaged loss coefficient of the STF cascade 

blades is shown to increase linearly with increasing leading edge radius. A 
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linear effect is seen for design as well as off-design conditions. One significant 

finding from this study is that a linear interpolation can be used to calculate 

a smooth layer result, with an equivalent thickness to the riblet material, for 

use in the riblet study. 

Unlike the smooth material, the thickness of the riblet material is not 

constant and varies by the amount of the riblet height. Therefore, the effect 

of the riblet material on the leading edge of the blades was investigated. The 

0.033 mm riblet material was applied only to the leading edge of the blades 

and tested at design incidence. Next, the riblet leading edge result was 

compared to the smooth layer results in order to determine an equivalent 

smooth layer thickness that produces the same increase in loss coefficient as 

the riblet material. 

Presented in Figure 5.2 are the results of the leading edge study at 

design incidence, including the riblet leading edge result. The range for the 

thickness of riblet material is marked on the horizontal axis by the words 

"base" and "peak". The horizontal line indicates the value for the increase in 

loss coefficient due to the riblets on the leading edge. As seen in Figure 5.2, 

the horizontal line intersects the smooth layer results at the riblet "peak" 

location. This indicates that the best estimate for an equivalent leading edge 

thickness of the smooth material is the riblet "peak" thickness. Thus all 

results of the riblet study are based on the equivalent thickness measured to 

the peak of the riblet. 
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5.2 Effect of Riblet Height on Loss Reduction 

For the riblet height study, three different riblet heights were tested at 

design incidence: 0.023 mm, 0.033 mm, and 0.051 mm. These were the only 

commercially available sizes that have shown to reduce viscous losses in 

previous supersonic riblet studies. For the three sizes tested in the STF 

cascade, the 0.033 mm height riblet material provided the optimum benefit, 

with a reduction in mass-averaged loss coefficient, Ats , of 8.5%. The reduction 

in mass-averaged loss coefficient was defined as: 

Dripter ~ Osmooth (5.1) 
® 

A@® = 
smooth 

The uncertainty of the results was +2% and was based on the 

uncertainty of the calculated loss coefficient for consecutive runs with similar 

testing conditions. More information on the uncertainty analysis is presented 

in Appendix A. For a later tunnel entry, the repeatability of this experiment 

was shown to be very good and within the +2% uncertainty band. 

As described in Chapter 2, a wide range of riblet heights will produce a 

decrease in viscous losses. Presented in Figure 5.3(a) is the results, with their 

uncertainty band, for the three sizes tested in the STF cascade. The maximum 

benefit of 8.5% occurs at the intermediate height tested of 0.033 mm. Smaller 
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benefits of 1.8% and 5.1% result from the 0.023 mm and 0.051 mm height 

riblets, respectively. In Figure 5.3(b), the general riblet performance trend 

from previous studies found in Figure 2.3 is presented. The STF riblet height 

results demonstrate a comparable trend to previous riblet results and 

illustrates the importance of choosing the appropriate riblet height for the STF 

cascade. 

In addition to the riblet height study, a Reynolds number study was 

conducted in the STF cascade. Here, the 0.033 mm riblets were tested at 

different total upstream pressures and compared to equivalent smooth layer 

results. The purpose of this study was to change the local h* parameter on the 

blade’s surface without modifying the physical height of the riblets. The 

results from this study show the same trend as the riblet height study. Details 

for the Reynolds number study are provided in Appendix B. 

The comparison of the mass-averaged loss coefficient provides an 

assessment of the overall performance of the riblet covered STF cascade; 

however, it does not indicate where the benefit occurs. To better understand 

the riblet effect on the STF cascade blades, total pressure profiles of the riblet 

and equivalent layer of smooth material are compared. 

It should be pointed out again that the equivalent smooth layer result 

is an interpolation between the results of one and two layers of smooth 

material. As shown in Appendix C, any increase in the leading edge thickness 

of the STF blades will move the bow shocks impingement location on the blade 
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surfaces and, as a result, the location of the reflective shocks in the probe 

survey. When the reflected shock encounters the Pitot-static probe, the shock 

wave disrupts the flow around the probe." This appears as a decrease or 

small dip in the total pressure profile. Due to the interpolation of the total 

pressure profile, the comparison between the riblet and equivalent smooth 

layer total pressure profiles does not produce all the details. However, some 

general observations can still be made from the comparison. 

The optimum riblet height of 0.033 mm and the equivalent layer of 

smooth material profiles are shown in Figure 5.4. The total pressure profiles 

are nondimensionalized by the total pressure measure upstream of the STF 

cascade test section. The traverse location, y, is nondimensionalized by inter- 

blade spacing S. The profiles consist of a pitch-wise traverse at an axial 

location of x/C=0.37 downstream of the cascade blades. The profile starts at 

a location of y/S=-0.5 in the core flow and moves toward the pressure surface 

side of the wake. At y/S=-0.28 in the profile, the location of the "fishtail" 

shocks are indicated by the small spike in the total pressure profile. Finally, 

the profile passes through the blade wake and ends in the core flow region 

above the suction surface of the wake at y/S=0.5. 

The total pressure profile comparison in Figure 5.4(a) demonstrates that 

the riblets provide a reduction in mass-averaged loss coefficient. The higher 

values of total pressure in the riblet profile is indicative of lower losses. The 

only two regions where the riblet profile is lower than the smooth layer are at 
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y/S=-0.5 and y/S=0.44. In the riblet profile, these are the locations of the 

reflected shocks. Small changes in the total pressure are present throughout 

the profiles; both in the wake and core flow regions. Through the integration 

of the profiles, the total difference in loss coefficient amounts to 8.5%. 

Due to the steep gradient in the wake region of the total pressure 

profiles, the amount of change between the two profiles is difficult to 

distinguish. Presented in Figure 5.4(b) is the difference in total pressure, Ap,, 

between the riblet and the equivalent smooth layer in the survey. Positive 

values of Ap, indicate a local riblet benefit. Clearly most of the net gain from 

the riblet effect is seen in the wake region. However at the wake minimum 

location of y/S=0.19, very little difference exist between the two profiles. Most 

of the riblet effect in the wake region is seen on either side of the wake 

minimum. This indicates that the riblets are effective in reducing viscous 

losses on both the pressure and suction sides of the blade. 

For the 0.023 mm and 0.051 mm height riblets, a smaller effect was 

seen in the comparison of the total pressure profiles. These results are 

presented in Appendix D. 

5.3 Off-Design 

The off-design cases of +5° and -10° incidence were tested with the 

optimum riblet height of 0.0833 mm. As described earlier, the flow physics 
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inside the STF cascade significantly changes at the off-design conditions. Due 

to changes in the flow field, the riblets’ effect on the performance of the 

cascade blades also differs from the design incidence result. 

The effect of the riblets on the STF cascade blades for the off-design 

study are presented in Table 4. A small benefit of 2.5% is provided by the 

riblets at +5° incidence. A drawback of 3.0% is seen for the -10° incidence. 

Compared to the benefit provided by the riblets at design incidence, the riblet 

effect is small. To better understand the difference in the riblets’ effects for 

the off-design cases, total pressure profiles of the riblet and equivalent layer 

of smooth material are compared. 

Table 5. Off-design Results 

Incidence Change in t3 (%) | 

  

    
  

  

45° -2.5 

g° -8.5 

-10° 3.0         
For the +5° incidence, the total pressure profile comparison is presented 

in Figure 5.5. A 2.5% reduction in mass-averaged loss coefficient for the riblet 

covered blades is calculated for this off-design case. In the wake region, the 
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amount of riblet benefit differs between the suction and pressure side. Only 

a small difference between the profiles exist on the suction side of the blade 

wake as compared to the pressure side. This seems to indicate that the riblet 

size on the blade pressure surface is no where near an optimum height. In the 

core flow region between y/S=0.36 and y/S=0.52 are consecutive dips in the 

profiles; the first occurs in the equivalent layer and the second in the riblet 

profile. As described earlier, the shift in the dip location is a result of the 

movement of the reflective shock. 

Unlike the case of +5° incidence, the riblets’ effect at -10° incidence 

produced an increase in losses. The comparison between the total pressure 

profiles is presented in Figure 5.6. Recall at -10° incidence, the flow field is 

characterized by a shock-separated boundary layer region and localized adverse 

pressure gradient on the pressure surface of the blade. In Figure 5.7, the 

location where the riblet profile is considerably lower than the smooth layer 

profile is in the outer fraction of the pressure side of the wake, y/S=0.0 to -0.2 

region. As described by Andrew," this is the location where the boundary 

layer-separation effects appear in -10° incidence downstream profiles. 

Therefore, it is hypothesized that the presence of the riblets in the separated 

boundary layer region contributes to the 3% increase in mass-averaged loss 

coefficient. 
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5.4 Influence of Yaw Angle 

In actual turbomachinery, riblets would encounter 3-D flow effects on 

the blade surface. Therefore the effect of riblet misalignment to the mean flow 

direction, yaw angle, was investigated in the STF cascade. In this study, the 

optimum riblet height material was applied to the blades at 15° off the mean 

flow direction and tested at design incidence. 

The results from this study, along with previous riblet yaw studies, are 

presented in Figure 5.7. Indicated on the horizontal axis is the yaw angle, a. 

The vertical axis is defined as change in riblet effect, from yaw effects, divided 

by the maximum riblet benefit. The maximum riblet benefit occurs at a=0°. 

In all previous studies, the riblet effect is defined as a change in drag, AD. For 

the STF study, the riblet effect is described as a change in loss coefficient, At . 

As indicated in the figure 5.7, most of the earlier riblet yaw studies were 

conducted on a flat plate. The trend shows that the riblet benefit diminishes 

as yaw angle increases. At yaw angles greater than 30°, the results from the 

riblet yaw studies no longer show a riblet benefit and, in fact, most studies 

exhibit an increase in the viscous losses when compared to a smooth surface. 

For the STF cascade study, the yaw effects are consistent with the these 

earlier studies. At 15° yaw, most of the 8.5% benefit seen for this optimum 

riblet height is lost. 

Experimental Results 56



          
    

  

  
  

-3.0 r 

GC 98OF 

L 
B — Ref. 62 (plate) 
<j -- Ref. 25 (plate) 

x Ref. 63 (plate) 
-1.0 - + Ref. 21 (plate) 

° Ref. 39 (wing) 
2 c STF (a=15°) 

© STF (a= 0") 

<j 
~ Smocth a OQ errr Moree Lagueieeecerceecereseassnssersiaseeseeses sips 

<j 

1.0 \Z he pele deity) 

0 30 60 90 

Figure 5.7 Yaw Effects on Riblet Performance 

Experimental Results 57



5.5 Leading Edge Shadowgraph 

The losses in the STF cascade are the result of both shock and viscous 

effects. Therefore, the maximum 8.5% decrease in loss coefficient represents 

a significantly greater reduction in the viscous losses. As described in Chapter 

4, the viscous losses in the cascade at design incidence are no more than 1/2 

of the total losses. Taking into account the increase in losses due to the 

enlarged leading radius of the blades from the riblet material, the 8.5% 

decrease in the total loss coefficient corresponds to approximately a 25% 

decrease in the viscous losses. This is much greater than the 10% decrease in 

turbulent viscous losses that has been reported by other researchers and 

suggests that the riblets are decreasing the viscous losses in another manner. 

As a result, the effect of riblets on transition location on the blade surfaces was 

investigated. 

As described earlier, very little research concerning the influence of 

riblets on the transition of a laminar boundary layer has been conducted. In 

previous shadowgraphs of the STF flow field," the location of transition was 

difficult to determine as the developing boundary layer is thin. Therefore, new 

shadowgraphs were taken that focused on the leading edge of the two middle 

blades in the cascade. 

Three different testing conditions were examined for the shadowgraph 

study. Shadowgraph pictures were taken of the two blades covered with 

Experimental Results 58



smooth material and covered with riblet material. Also a shadowgraph picture 

with one blade covered with smooth material and the other covered with riblet 

material was taken. This was done to ensure that any movement in the 

transition location was due to the material on the blades and not to any 

variations between the different tunnel runs. 

To illustrate the effect of riblets on transition, only one shadowgraph 

picture is presented here. Shown in Figure 5.8 is a shadowgraph focused on 

the leading edge of the two STF blades located in the middle of the cascade. 

The top blade, as marked, has a smooth covered surface. The 0.033 mm riblet 

material covered the lower blade. The circular objects in the shadowgraph are 

the pins used to support the blades to the plexiglass windows. Since this a 

copy of the original picture, the transition locations on the surface of the blades 

surfaces is difficult to see. 

In Figure 5.8, it appears that the smooth surface blade shows transition 

has begun on the suction side of the smooth surface blade at the approximate 

location of 15% chord. On the riblet covered blade, there is no apparent sign 

of turbulent structure near the blade’s pressure surface at this location. The 

transition location on the suction side of the riblet covered blades is difficult 

to determine. However, it appears that the boundary layer may continue to 

be laminar on the suction side until it approaches the location where the shock 

impinges the blade at approximately 50% chord. On the pressure surface, the 

transition location is approximately 10% chord for both the riblet and smooth 
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surface blades. This is due to the fact the bow shock impinges the pressure 

surface at this location and initiates the turbulent boundary layer. 

It is hypothesized that riblets are able to dampen the original 

disturbances that lead to transition in the STF cascade blades. Possibly, the 

slow moving fluid inside the riblet grooves is sustaining the laminar boundary 

layer. At design incidence, the pressure gradient on the blade’s suction surface 

becomes favorable around 20% chord and continues until the shock 

impingement location at 50% chord. Perhaps, the combination of the riblets 

and the favorable pressure gradient on the blade surface is responsible for the 

laminar boundary layer existing up to the shock impingement location. For 

the smooth blade surface, the boundary layer is already turbulent at 20% chord 

and the mild pressure gradient would effect the turbulent boundary layer by 

only minimizing it growth. 

Obviously, preserving the laminar boundary layer further downstream 

on the STF blade surface will lower the viscous losses. Evidence from the 

shadowgraph indicates that the riblets are providing another drag reducing 

functions on the STF blades. In additional to reducing the turbulent viscous 

losses, riblets are able to delay the transition location of the turbulent 

boundary layer on the STF blades. As will be shown in the numerical 

simulation section of this paper, only the combination of the two riblet effects 

reproduced the substantial decrease in losses that were measured for the 

optimum, 0.033 mm, riblet size at design incidence. 
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6.0 Numerical Simulation 

Experimentally, two different riblet effects were observed on the STF 

blades: a reduction in turbulent viscous losses and a delayed transition location 

of the turbulent boundary layer. In the numerical simulation, the two riblet 

effects were studied separately in order to determine the contribution from 

each riblet effect on the total decrease in losses. The delayed transition effect 

was established by initiating the turbulent boundary layer further downstream 

on the blade’s suction surface in the simulation. Modelling for the decrease in 

turbulent viscous losses required modifying the existing turbulent model. The 

numerical simulation focused on the flow field for design incidence, with an 

emphasis for modeling the situation where there is an optimum riblet benefit. 

First, a brief description of the CFD code and mesh used in the 

simulation is provided. Next, the original Baldwin-Lomax turbulent model is 

presented. This is followed by a description of the method to include riblet 

effects in the Baldwin-Lomax model. Finally, the method used to simulate the 

delayed transition effect on the boundary layer is described. 
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6.1 Numerical Model 

The code used to calculate the STF cascade flow field was ANSERS 

(Algorithm for the Navier-Stokes Equations using a Reimann Solver) 

developed by Thomas and Walters.'™! Significant improvements to the original 

code have been developed by Taylor,'*” Brock," and Andrew."*! In ANSERS, 

the compressible, two-dimensional, full Reynolds-averaged Navier-Stokes 

equations are solved by a time marching method. The integral conservation 

law form of the governing equations are solved with a cell-centered finite- 

[67] was used to evaluate the volume formulation. The upwind scheme of Roe 

inviscid flux terms. The viscous fluxes were determined by a second-order 

accurate central differencing method. 

A periodic C-mesh was used to model the STF cascade blade. The mesh 

was generated with an elliptic grid generator developed by Sorenson. The 

grid, shown in Figure 6.1, contains 481 cells in the stream-wise direction and 

61 cells in the pitch-wise direction. Grid points are closely packed to the blade 

surface with additional points concentrated near the leading and trailing edges 

to ensure proper resolution of the flow physics. 
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6.2 Turbulent Model 

The Baldwin-Lomax™! turbulent model was used to provide closure for 

the ANSERS code. This model was chosen for to its robustness and ease of 

implementation. The Baldwin-Lomax model is an algebraic eddy viscosity 

model which handles the turbulent boundary layer as a composite of two 

layers; an inner and outer region. To model for a reduction in turbulent 

viscous losses, one parameter in the turbulent model was modified. Presented 

first is a description of the original turbulent model. This will be followed by 

the formulation to include riblet effects in the Baldwin-Lomax model. 

6.2.1 Original Baldwin-Lomax Model 

Inner Region 

The Van Driest formulation of the eddy viscosity is used in the inner 

region: 

(v), = (ey, DY |o| (6.1) 

where « is the von Karman constant, equal to 0.4. y, is the normal distance 
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from the wall and w is the vorticity. The Van Driest damping factor, D, is 

defined as: 

  D = 1 - exp 2") (6.2) 

y* = p u. Dn (6.3) 
  

The friction velocity, u,, in the above equation is defined as: 

_ | Bw om (6.4) 
ue = |? lw 

p, 

Outer Region 

In the outer region, the eddy viscosity is defined as: 

(VJ, = K Cy Funte Y (6.5) 

where the Clauser constant, K, is equal to 0.168 and C,, is equal to 1.6. The 

Fake parameter is defined as the minimum of the two formulas: 

Cun Vinax UO ai F oe = aa or Fine = Fowx Vex (6.6) 
max 

The value of the constant C,, is 1.0. The value of F,,, and Y,,,, in wall 
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bounded flows are calculated from the moment-of-vorticity equation: 

F(y) = y, |@| D (6.7) 

For wake flows, the Van Driest damping factor, D, in the above equation is 

equal to 1.0. The maximum value of the moment-of-vorticity for a given 

stream-wise station is defined as F,,,,- Ymax corresponds to the traverse 

location of the F,,,, value. The magnitude of the velocity difference between 

the maximum and minimum for a given stream-wise location is shown as: 

Vag = O ax ” U. : (6.8) 
min 

Note that the value of U,,,, is zero for wall bounded flows due to the no-slip 

boundary condition. The Klebanoff intermittency function, y, is defined as: 

max 

-1 

yo [i + 55 (eb an "5 (6.9) 

with the value of C,,, equal to 0.3. 

The complete profile of the eddy viscosity, v,, at a given stream-wise 

location is given by: 

v~ 

(v.); Os y, < ¥% (6.10) 
(v.), YY, 

where y, is the smallest value of y, at which the values from the inner and 

outer formulations are equal. 
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6.2.2 Riblet Turbulent Model 

A method to simulate the riblet effects on the STF cascade blades was 

developed for the Baldwin-Lomax turbulent model. Rather than physically 

model the riblets themselves, the turbulent model was modified to simulate for 

a decrease in turbulent viscous losses by adjusting the A* parameter in the 

Van Driest damping factor equation (Eqn. 6.2). This idea for modelling the 

riblet effect is based on the work conducted by Schetz and Nerney", who 

successfully modeled surface roughness effects with the Reichardt turbulent 

mode]. 

As addressed in Chapter 2, the riblets’ effects in a turbulent boundary 

layer are a reduction in viscous losses and a corresponding shift in the law of 

the wall profile. As illustrated in the law of the wall plot in Figure 6.2, riblets 

act like "negative roughness" with a shift upward and to the left from the 

smooth surface profile in the logarithmic region. On the other hand, an 

increase in drag, from roughness effects, produces a shift downward and to the 

right. The slope of the lines for both roughness and riblets effects, however, 

remains the same as the smooth surface line.”*”! 

In the Van Driest damping factor equation, the A* value of 26 was 

chosen because it provided the best agreement with the experimental, smooth 

surface law of the wall profiles. For the same reason, different values of A* 

can be used to describe the micro-surface effects on a turbulent boundary layer 
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profile. When comparing with smooth surface results, higher values of A’ 

would represent a reduction in viscous drag and lower values would represent 

an increase viscous drag. 

To determine the influence of different A* values on a turbulent 

boundary layer profile, a numerical flat plate simulation, with zero pressure 

gradient, was conducted. The inflow conditions for the flat plate simulation 

were the same as the supersonic through-flow cascade. For the flat plate 

study, the range of A* values varied between 24 and 37. Starting with an A’ 

of 24 in the Van Driest damping equation, the flat plate simulation was 

computed. The calculated viscous drag was compared to the smooth surface 

result (A*=26). Next, the A* value was incremented by one and the simulation 

was repeated. This procedure continued until the change in viscous drag, AD, 

was determined for the complete range of A* values. 

The flat plate simulation results, relating A* to AD, are presented in 

Figure 6.3. For the range of A’ values investigated, a near linear effect is seen 

in the change in viscous drag. Compared to the smooth surface result, the A* 

value of 24 produces a 2.4% increase in viscous losses. On the other hand, the 

A* value of 37 decreases the viscous losses by 10.9%. As will be shown later 

in this chapter, the range of A* values and their corresponding changes in drag 

are used to simulate the varied riblet effect on the blade surface. 

The modification to the A* parameter in the Baldwin-Lomax model can 

reproduce the riblet effects on a turbulent boundary layer. To illustrate this 
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point, profiles of the law of the wall for different values of A* are presented in 

Figure 6.4. By increasing the A’ value, the wall law profiles in the logarithmic 

region are shifted upward. This change in the law wall profiles coincides with 

the experimental riblet results.”** In another illustration, shown in Figure 

6.5, a comparison of the riblet effect between experimental and numerical 

boundary layer profiles are introduced. The experimental velocity profiles are 

the result of a riblet study on a 1/3 model of the racing yacht "Australia II".'*! 

The numerical profiles were generated in the above flat plate simulation. Both 

the experimental and numerical results show a similar riblet effect which 

confirms the validity of the numerical riblet model. In the turbulent boundary 

layer, the difference between the riblet and a smooth surface velocity profile 

is seen only in the near wall region. 

Unlike the flat plate study, the STF cascade simulation will not have a 

constant riblet effect--constant A* value--over the blade surface. Due to the 

flow conditions in the STF cascade, the local riblet effect will vary along the 

blade surface. In the STF simulation, an estimated h’* profile on the blade 

surface is calculated to help determine the localized riblet effect. Recall from 

Figure 2.3, previous riblet studies show a trend for h* parameter versus change 

in viscous drag. This information is used to model riblet effects by developing 

a relationship between the riblet height parameters, h*, and the modified Van 

Driest parameter, A’. 

The procedure to relate values of h* to A* requires matching the change 
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in viscous drag, AD, from the h* trend found in Figure 2.3 with the flat plate 

simulation results. A flow chart of the process is shown in Figure 6.6. Figure 

6.6(a) is the riblet trend from figure 2.3. The curve with the greater drag 

reduction from the riblet trend data was used in order to produce an optimum 

benefit for the STF simulation. Recall that the bottom curve has a maximum 

reduction of 10% at approximately an h* of 13 and shows a drag increase for 

riblets higher than an h’* of 30. Figure 6.6(b) is the result of the flat plate 

simulation which relates the A* parameter to change in drag, AD. 

The relationship between A* and h* used in the STF numerical 

simulation is presented in Figure 6.7. Below an h* of 3.5, the surface is 

considered to be hydraulically smooth and therefore the value of A* was set 

equal to the smooth surface value of 26. The maximum value of A* of around 

35.8 is seen at the optimum riblet height, h*, of 13. 

The process for simulating the riblet effect for a decrease in viscous 

losses involves a number of steps. First, the flow field for smooth blades, 

A*=26, is simulated. With the smooth blade results, an estimated h* profile of 

the blade surface for an optimum riblet height is computed. A corresponding 

A‘ profile is generated from the Figure 6.7 and then placed into the CFD code. 

The flow field for the local riblet effect is then calculated. 
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6.3 Model Riblet Effect - Delayed Transition 

In the numerical simulation, the transition was delayed by moving the 

location where the turbulent boundary layer begins on the blade surface. 

Figure 6.8 shows the location of transition used in the numerical simulation 

for both the smooth and riblet covered blades. For smooth blades the 

transition occurs at approximately 15% chord on the suction side and 10% on 

the pressure side. For the simulation of the riblet covered blades, the 

inception of the turbulent boundary layer was moved to the 50% chord location 

on the suction side. In this study, the transition process was not modelled. 

The boundary layer was simulated to be either laminar or turbulent. 

In this chapter, a method to model riblet effects on the STF blades was 

described. This method involved moving the transition location on the suction 

surface of the blade and, also, modifying the Baldwin-Lomax turbulent model. 

In the following chapter, the results from the simulated riblet effects are 

presented. 
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7.0 Numerical Results 

Numerical simulations for both the smooth and riblet covered STF 

cascade blades were conducted. As described earlier, riblets produced two 

distinct effects on the STF blades. As anticipated, riblets decrease the 

turbulent viscous drag; but in the STF cascade, they also delayed the 

transition of the turbulent boundary layer on the suction side of the blade. 

The purpose for the STF simulation was to determine if the two riblet effects 

would account for the optimum decrease in loss coefficient that was observed 

experimentally. Also in the numerical simulation, the two riblet effects were 

studied separately, in order to estimate the contribution of each effect on the 

total reduction in viscous losses. 

This chapter begins with a review of the previous efforts at VPI&SU to 

simulate the STF cascade flow field. These simulation efforts focused on 

predicting the experimental flow field of the original blade design. The 

purpose of this numerical study is to simulate the change in performance of 

the STF cascade due to riblets. 

7.1 Background on STF Simulation 

Previous research involving the numerical simulations of the STF 
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cascade were conducted by Chesnakas'*! and Andrew."*! Chesnakas found, for 

the design incidence angle, that the simulated flow field generally agreed with 

the experimental results. In the simulation, some details were not predicted; 

however, these discrepancies did not greatly effect the global results--as the 

integrated loss coefficient was well predicted. For the off-design incidence 

angles, larger differences exist between the measured and calculated results. 

This was attributed to the inadequate modeling of the strong shock-boundary 

layer interaction that is characteristic of the off-design conditions. 

In an effort to improve the off-design simulations, Andrew substantially 

modified the grid and incorporated a more complex turbulent model into the 

CFD code. Originally an H-mesh was used by Chesnakas in the simulation of 

the STF blades. Andrew developed a body-fitted, periodic C-mesh for the STF 

simulation. The new mesh improved the clustering of cells near leading and 

trailing edge of the blade surface. Also, additional cells were positioned in the 

mid-chord region to capture the shock-boundary layer interaction. For the -5° 

incidence simulation, the Baldwin-Lomax model was replaced by the Johnson- 

King model. Previously, the Johnson-King model had demonstrated the ability 

to predict transonic shock-separated flows by accounting for non-equilibrium 

effects. To simulate the cascade flow field, Andrew modified the Johnson-King 

turbulent model for use in internal flows. These changes to the STF cascade 

simulation, however, were found not to improve the prediction for the off- 

design condition. 
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Due to strong shock-boundary layer interaction at off-design conditions, 

the numerical simulation for the riblet effects on the STF blades was 

performed only for design incidence. From the riblet numerical investigation, 

the results for four different simulations are presented. In the first simulation, 

the flow field was calculated for the smooth blades. This simulation served as 

the baseline test and was compared to the simulated riblet results. In the next 

two simulations, the two riblet effects, turbulent viscous reduction and delayed 

transition, were calculated separately. Finally, in the last simulation, the 

combination of the two riblet effects was computed to determine the total 

decrease in viscous losses. 

7.2 STF Simulation Results 

The numerical simulation of the STF flow field for the smooth surface 

blades is represented by the static density contours shown in Figure 7.1. From 

the shadowgraph in Chapter 5, the boundary layer is known to become 

turbulent at approximately 10% chord on the pressure side and 15% on the 

suction side. For the CFD simulation, the boundary layer was designated to 

be turbulent beginning at these locations on the blade surfaces. Comparison 

of the static density contours with the schematic of shock structure, previously 

presented in Figure 4.1, shows good agreement. The bow shocks and their 

reflection on the blade surfaces are well reproduced in the numerical 
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simulation. The only discrepancy, seen in the contours, is the simulation’s 

failure to reproduce the pre-compression shock and its reflection on the blade 

pressure surface.° 

The calculated skin friction for the smooth blade is presented in Figure 

7.2. The location of transition is indicated by the sharp increase in the skin 

friction values at approximately 10% chord on the pressure and 15% chord on 

the suction surface of the blade. In the mid-chord region on the suction 

surface, the skin friction plot indicates that the boundary layer separates and 

reattaches from impingement of the leading edge bow shock. The region of 

separated flow on the STF blades was confirmed by surface oil flow 

visualization." Following the separation region on the suction surface, 

another sharp drop in the coefficient of friction exist. This is the result of the 

impingement of the bow shock reflecting from the above pressure surface and 

striking the suction surface at approximately 57% chord. 

To simulate the local riblet effect, an estimate of the optimum h‘* profile 

for the blade surface is calculated from the smooth surface results. A 

corresponding A* profile on the blade surface is generated from the h* profile 

in the process describe in Section 6.2.1. Both the h* and A’ profiles are 

presented in Figure 7.3. In this figure, values for h* and A* are shown for the 

whole blade surface, including the laminar boundary layer region. As will be 

  

*Chesnakas and Andrew were also unable to produce the pre-compression shock in 

their simulations. 
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shown later, these laminar values of A* are not used when computing the riblet 

effect on the turbulent boundary layer. 

In figure 7.3(a), the h* values indicate that the riblet effect will not be 

constant over the blade surface. Most of the riblet benefit--from reducing the 

turbulent viscous losses--will come from the pressure side of the blade. The h* 

values on the pressure side are near the optimum riblet height value, 

represented by the dashed line. 

As previously discussed in Chapter 6, higher A’ values represents a 

greater decrease in viscous losses. In Figure 7.3(b), a maximum riblet benefit 

is shown to occur after the impingement of the leading edge bow shock on the 

pressure surface, x/C=0.15, and extend past the mid-chord location of the 

blade, x/C=0.7. In this region, the local riblet effect will produce a near 

constant 10% decrease in viscous losses. This region is characterized by a 

favorable pressure gradient and an accelerated flow. After 70% chord, the 

amount of benefit from the riblets slowly decreases, indicated by lower A* 

values, at blade locations further downstream on the pressure surface. 

On the suction side of the blade, a smaller local riblet benefit is seen. 

After the shock impingement at the mid-chord region, the riblet effect is nearly 

constant with an A* value between 31 and 32. 

For the first riblet simulation, the flow field in the STF cascade was 

computed for a riblet effect that only produces a decrease in turbulent viscous 

losses. This simulation does not include the delayed transition effect. For the 
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simulation, the constant A* value of 26 was replaced with the varied A’ value 

profile shown in Figure 7.3(b). 

The varying riblet effect in the simulation of the STF cascade is 

observed by comparing skin friction values. A comparison of the calculated 

skin friction between the riblet and smooth surface is presented in Figure 7.4. 

Near the leading edge, there is no difference in the coefficient of friction as the 

boundary layer is laminar. As expected, the riblet effect produced lower values 

of skin friction. The greatest decrease in skin friction is seen on the pressure 

surface side of the blade. In the region following the shock impingement at 

x/C=0.15 to x/C=0.7, the riblet effect produced a localized decrease coefficient 

of friction of approximately 10%. On the suction side, the modelled riblet effect 

resulted in a small change in the coefficient of friction. 

The overall effect from the localized reduction in viscous losses on the 

blade surfaces is determined by the change in mass-averaged loss coefficient. 

This riblet effect, modelling only for a decrease in the turbulent viscous losses, 

produced a 2.5% change in loss coefficient. This change in loss coefficient is 

much smaller than the experimental optimum riblet results. However, the 

reduction in turbulent viscous losses is only one part of the riblet effect on the 

STF cascade blades. 

In the next riblet simulation, the effect of only a delayed transition was 

calculated. The transition of the boundary layer was relocated further 

downstream, near the shock impingement location on the suction surface, at 
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50% chord. On the pressure surface, as indicated by the shadowgraph shown 

in Chapter 5, the shock impingement on the blade surface at approximately 

10% chord is responsible for the formation of the turbulent boundary layer. 

Therefore, the transition location did not move, due to the riblets, on the 

pressure surface side of the blade. 

The flow field for the STF cascade with the riblet effect of only delaying 

transition was computed. The localized result on the blade surface from this 

riblet effect is seen in the comparison of the coefficient of friction profiles in 

Figure 7.5. The delayed transition effect produces a markedly lower coefficient 

of friction on the first half of the suction surface of the blade. The average 

difference in the coefficient of friction between the turbulent and laminar 

boundary layer in this region is approximately 60%. After 50% chord, both 

profiles represent a turbulent boundary layer. As a result of delayed 

transition, the turbulent boundary for the riblet blades is less developed than 

the smooth blades. This results in an increase in the coefficient of friction for 

the second half of blades suction surface. The overall effect of delaying 

transition, until the shock impingement location on the suction surface, is a 4% 

decrease in mass-averaged loss coefficient. 

In the final numerical simulation, the flow field for the combined riblet 

effects was computed. In the numerical study, the combined riblet effect 

simulates for a delayed transition and a decrease in turbulent viscous losses. 

The comparison of the calculated skin friction between the combined riblet 

Numerical Results 90



  0.00625 

0.005 

  

—§mooth 
- -Riblet-Delayed     
  

ween tere an dee beeen ee dee reece ene Ramee ete e een en teen seer enter eb es een regent ren eb een nese nee e renee nee n ener bonne seensccene   
0.0025 

0.00125 

Co
ef

fi
ci

en
t 

of
 
Fr
ic
ti
on
 

  -0.00125 

0.00375 

  

  

ean gp de we fen chen eee eee cee ee ee teen e tenet ele ent een e eat enee 

    
Figure 7.5 Comparison of Friction Coefficient, Delayed Transition 

Numerical Results 91



effect and the smooth surface is presented in Figure 7.6. On the pressure side, 

a near optimum decrease in the turbulent viscous losses is seen. For the 

suction surface, the delayed transition is responsible for most of the decrease 

in viscous losses. 

The change in loss coefficient for a combined riblet effect was 6%. This 

numerical result is comparable to the measured experimental result and 

supports the conclusion based on the leading edge shadowgraph that transition 

was delayed on the STF blades. 

To investigate the simulated results in more detail, the total pressure 

profiles for the smooth and combined riblet effect were compared. Presented 

in Figure 7.7 are the total pressure profiles for the riblet and smooth case, 

along with a plot showing the difference between the two profiles. For Figure 

7.7(a), the riblet profile shows higher total pressure values through out the 

survey. For the total pressure profile downstream of the cascade, the riblet 

effect produces a wake that is thinner and less deep. 

In Figure 7.7(b), the difference between the profiles, AP,, illustrates that 

the riblet benefit occurs on both sides of the blade’s surface but not by the 

same for amount. The suction side, where transition was delayed, shows a 

peak difference between the profiles occurs in mid portion of the suction side 

wake. For the pressure side wake, the riblet effect produces a smaller 

difference between the two profiles. At the wake minimum point, a slightly 

smaller change in total pressure profiles exist compared to changes on either 
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the suction or pressure side wake. 

As seen in the numerical investigation, a significant local decrease in 

viscous losses on the blades surface produces a much smaller change in the 

mass-averaged loss coefficient. As mentioned earlier, shock losses in the 

cascade account for a good portion of the total losses. Therefore, this suggests 

that only a combined riblet effect--delayed transition and decrease in turbulent 

viscous losses--is able to produce the significant decrease in losses that were 

measured experimentally. 
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8.0 Conclusions 

The focus of this research was to improve the performance of the 

supersonic through flow cascade blades by reducing the viscous losses. This 

was accomplished by applying riblets to the surface of the blades. The effect 

of the riblets on the performance of the cascade blades were investigated for 

different riblet heights, cascade incidence angles, and Reynolds numbers. For 

this riblet study, measurements were made downstream of cascade blades. 

The total pressure profile and integrated loss coefficient from the riblet covered 

blades were compared to smooth covered blades results to determine the riblet 

effect. 

Results from previous studies have demonstrated that riblets will reduce 

the viscous losses in a turbulent boundary layer. Most of these studies were 

conducted on simple wall geometries with the boundary layer being tripped 

upstream of the riblets. A general trend for the riblet performance was 

produced by relating an h* parameter to the change in viscous drag. The h* 

parameter is a function of the riblet height and the local flow parameters on 

the blade surface. 

In the STF cascade, the flow field provided a unique environment for a 

riblet study. The STF cascade is characterized by shock-boundary layer 

interactions and an overall favorable pressure gradient in the blade passage. 
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Additionally, the boundary layer is initially laminar on the pressure and 

suction side of the smooth blade surface. 

At the design incidence angle, three different height riblets were tested. 

All three sizes produced a decrease in the loss coefficient when compared to the 

smooth covered blades. The optimum riblet height lowered the mass-averaged 

loss coefficient by 8.5%. Comparison of the total pressure profiles revealed 

that the riblet covered blades produces a thinner wake downstream of the 

cascade. A riblet benefit was seen on both the suction and pressure side of the 

wake. 

The effect of riblet height on the performance of the STF blades 

produced a result similar to the trend for the h* parameter from previous riblet 

studies. The importance in matching an appropriate riblet height with the 

flow conditions was seen at the off-design incidence angles and different 

cascade Reynolds number, where the optimum riblet height produced a smaller 

change in the cascade’s mass-averaged loss coefficient. 

A shadowgraph study was carried out to determine the riblet effect on 

the location of the turbulent transition on the blade surfaces. At design 

incidence, the optimum riblet height delayed the transition location on the 

suction side of the blade. For the riblet covered blades, the decrease in viscous 

losses was attributed to two distinct riblet effects. Similar to other riblet 

studies, the riblets decreased the viscous losses in the turbulent boundary 

layer. The unexpected riblet effect was the change in the transition location 
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on the suction side of the STF blades. The combination of the two riblet effects 

are credited for producing the optimum riblet benefit found at design incidence. 

In addition to the experimental study, a numerical investigation of the 

riblet effect on the STF cascade was conducted. A simple method was 

developed to model both riblet effects on the blades. Conclusions from 

numerical study indicate that 2/3 of the total decrease in losses are the result 

of delaying the transition location. The final 1/3 decrease in loss coefficient 

comes from the decrease in turbulent viscous losses. 
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Appendix A 

Uncertainty Analysis 

This section serves to quantify the errors associated with the riblet 

experiment. Since the purpose of riblet study was to measure small differences 

between the riblets and equivalent smooth layer, the uncertainty analysis is 

based on the relative errors associated with the change in the calculated loss 

coefficient. As a result, a separate study was conducted to determine the 

change in the loss coefficient for consecutive runs with similar testing 

conditions. 

The original bare blades were tested at the design incidence angle with 

a Reynolds number of 4.8 million based on chord. A total number of 17 runs 

were conducted to ensure a sufficient sample size for the uncertainty analysis. 

Between each tunnel run, the blades were removed and re-inserted into the 

test section in order to simulate the testing procedure used in the riblet 

experiment. 

Statistical analysis was used to determine the relative error in the 

calculated loss coefficient between tunnel runs. A histogram of this result is 
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presented in Figure A.1. A 99% confidence interval was used to determine the 

uncertainty in the riblet study. 

In the riblet study, the uncertainty in the change in loss coefficient 

between the riblet and equivalent smooth covered blades was estimated to be 

+2%. The procedure to determine the uncertainty is illustrated in Figure A.2. 

The upper and lower bounds of the 99% confidence interval for the smooth and 

riblet results are represented by dashed lines. An equivalent layer result, with 

confidence interval, is linear interpolated to the riblet height location. The 

estimated maximum and minimum change in loss coefficient is determined by 

the upper and lower values in the confidence intervals of the equivalent layer 

and riblet results. The uncertainty band for the riblet study was the difference 

between the actual change in loss coefficient and the maximum and minimum 

values. 

Appendix A: Uncertainty Analysis 100



  

| 

    

7 EL 

6 + 

5 L 

AL 

3 

a4 

1 J 0 roti i MP po 

0.108 0.109 0.11 0.111 0.112 0.113 0.114 

Loss Coefficient 

  

Figure A.1 Loss Coefficient Histogram 

Appendix A: Uncertainty Analysis 101



  

@ One, Two Layers 

M@ Equivalent Layer 

  
    

  

A Riblets 
GC 

D _ @ 
om ue 

D J . 
© . 7” 

CO “aah | | Atlin 
Oo ee 
mM g a ys 

eo. 

| 

1 Layer 2 Layers 

| L | 
| | | 

Riblets 

Leading Edge Radius 

Figure A.2 Illustration of Uncertainty Analysis 

Appendix A: Uncertainty Analysis 102



Appendix B 

Effect of Reynolds Number on Loss Reduction 

The riblet effects on the STF blades were investigated for different 

cascade Reynolds numbers. The goal of this study was to determine if changes 

in flow conditions could produce a similar trend as in the riblet height study. 

This study complements the riblet height study as changes in the cascade 

Reynolds number produces a change in the local h* parameter on the blade 

surface. This is accomplished, however, without changing the physical riblet 

height. The reader will recall that the h* parameter is a function of the local 

values of friction velocity, viscosity, and density, as well as the riblet height. 

The study was conducted at the design incidence angle with the optimum riblet 

height of 0.033 mm. 

For the STF cascade, the Reynolds number is determined by the total 

pressure upstream of the test section. In the Reynolds number study, the 

control valve was adjusted so that the tunnel could operate at any desired total 
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pressure. This study was conducted at three different Reynolds numbers based 

on chord: 3.2, 4.8, and 5.9 million. 

In the Reynolds number study, the testing procedure was identical to the 

riblet height study. However at each stage of the test, the procedure was 

repeated for the different Reynolds number conditions. For each Reynolds 

number, the riblets’ effects were evaluated by comparing the mass-averaged 

loss coefficients of the riblet covered blades to blades having an equivalent 

layer of smooth material. 

Figure B.1 shows the effect of Reynolds number on the loss reduction for 

riblets. Included in Figure B.1 are the results from the riblet height study. 

The Reynolds number and riblet height are indicated on the two different 

horizontal axis. The vertical axis is defined as the change in loss coefficient, 

from riblet height or Reynolds number, divided by the maximum riblet benefit. 

In Figure B.1, the Reynolds number and riblet height studies show a similar 

trend with an optimum riblet condition and a decrease in the benefit at the 

other conditions. These studies demonstrate that the optimum riblet benefit 

is a function of both riblet height and flow conditions. For the STF cascade 

design incidence, the optimum riblet benefit is produced with the 0.033 mm 

riblets at a Reynolds number based on chord of 4.8 million. 
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Appendix C 

Effect of Increased Leading Edge Radius on 

Bow Shock Movement 

In the riblet study, the application of the material increased the leading 

edge radius of the STF blades. One and two layers of smooth material and the 

riblet material were applied to the blades. In the STF cascade, any increase 

in the leading edge radius produces a change in the location of the bow shocks. 

Since the bow shocks are confined within the blade passage, they impinge and 

reflect on the surface of the blades as the propagate downstream. Ultimately, 

the reflected shocks appear downstream of the cascade at the probe traverse 

location. When a reflective shock wave strikes the Pitot-static probe, the wave 

disrupts the flow around the pitot tube." As a result, the reflective shock 

appears as a small dip or decrease in the total pressure profile. 

Since the riblet effect produces small changes in the total pressure 

profile. The effect from the movement of the reflective shock could be 
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interpreted incorrectly, as a riblet effect. Shadowgraph photography was used 

to determine if the movement of the reflective shocks are great enough to be 

observed at different locations in the total pressure profiles. 

Any increase in the leading edge radius will result in the movement of 

the leading edge bow shocks. A schematic of this effect for design incidence is 

illustrated in Figure C.1. Moeckel!’*) had modelled the profile of a detached 

shock in front of a planar body to be hyperbola in shape. The shape of 

hyperbola produces a near normal shock in front of the body and an oblique 

shock--decreasing in shock strength as it moves from the body--on either side. 

By applying material around the leading edge, the bow shock moves 

from its original position for two reason. First, the furthest point forward on 

the leading edge of the blade has moved upstream. As a result, the bow shock 

forms at a location, the thickness of the applied material, further upstream. 

Secondly, the frontal area of the leading edge is larger. This increases the 

length of the normal component of the bow shock and shifts the oblique portion 

of the bow shock further away from the blade. 

Shadowgraph photography was used to determine the extent of the 

leading edge bow shock movement in the riblet study. In Figure C.2, 

shadowgraphs of the flow field for the STF blades, covered with two different 

thicknesses of smooth material, are introduced. The circular objects that 

appear in the shadowgraph are the supports used to secure the blades to the 

plexiglass side wall. 
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In the top shadowgraph, two layers of smooth material were applied to 

the blades as described in Section 3.6. The bottom photograph shows the flow 

field for the blades covered with a single layer of smooth material. For the 

shadowgraph photos, the blades are positioned at the design incidence angle 

and tested at Reynolds number based on chord of 4.8 million. 

Comparison of the two shadowgraphs reveals the extent of the bow 

shock movement from an increased leading edge radius. The movement of the 

shock location is determined by examining the impingement points on the 

blade surface. For the two layer material, the impingement of the bow shock 

near the leading edge of the pressure surface has clearly moved upstream 

relative the one layer shadowgraph. The leading edge shock impinges the two 

layer covered blade at approximately 15% chord. The impingement of the 

leading edge shock appears to strike the single layer covered blade at 17% 

chord. 

The movement of the leading edge shock is also seen in the mid-chord 

region of the suction side. For the two layer covered blades, the leading edge 

bow shock impinges the blades surface at 50% chord. The impingement 

location is 52% chord for the single layer covered blades. From the comparison 

of the shadowgraphs, the difference in the shock locations between one and two 

layers of smooth material on the blades will appear in the total pressure 

profiles. 

A clear example of the movement of the reflective shocks in the total 
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pressure profiles is presented in Figure C.3. One layer, two layers, and the 

interpolated equivalent thickness results are presented for the -5° incidence 

case. The movement of the reflective shock due to increase leading edge radius 

is seen on the suction surface side of the wake. At the location y/S=0.44, the 

reflective shock produces a dip in the two layer, total pressure profile. For the 

one layer, the reflective shock appears in the total pressure profile at y/S=0.56. 

Since the equivalent layer total pressure profile is interpolated from the 

one and two layer results, the reflective shock does not appear at the 

appropriate location in the equivalent thickness profile. Instead, the 

interpolation produces two smaller dips in the equivalent total pressure profile. 

As a result, the comparison between the total pressure profiles of the riblet 

and equivalent smooth layers show differences that are not due to riblet 

effects. This does not, however, change the global result as shock movement 

effect should cancel out in the integration of the loss coefficient. 
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Appendix D 

Riblet Height study 

This section serves to document the results for the non-optimum riblet 

heights of 0.023 mm and 0.051 mm tested at design incidence. Recall from the 

riblet height study, the height of 0.023 mm and 0.051 mm produced a decrease 

in mass-averaged loss coefficient of 1.8% and 5.1% respectively. The total 

pressure profiles of the riblet covered and the equivalent smooth covered 

blades are displayed in Figure D.1 for the 0.023 mm riblets and in Figure D.2 

for 0.051 mm riblets. 
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