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ABSTRACT 

Numerical investigations on a diffusing S-duct with/without 

vortex generators and a straight duct with vortex generators are 

presented. The investigation consists of solving the full 

three-dimensional unsteady compressible mass averaged 

Navier-Stokes equations. An implicit finite volume lower-upper 

time marching code (RPLUS3D) has been employed and modified. A 

three-dimensional Baldwin-Lomax turbulence model 

modified in conjunction with the flow physics. 

has been 

A model for the analysis of vortex generators in a fully 

viscous subsonic internal flow is evaluated. A vortical 

structure for modelling the shed vortex is used as a source term 

in the computation domain. The inj ected vortex paths in the 

straight duct are compared with the analysis by two kinds of 

prediction models. The flow structure by the vortex generators 

are investigated along the duct. 
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computed results of the flow in a circular diffusing S-duct 

provide an understanding of the flow structure within a typical 

engine inlet system. These are compared with the experimental 

wall static-pressure, static- and total-pressure field, and 

secondary velocity profiles. Additionally, boundary layer 

thickness, skin friction values, and velocity profiles in wall 

coordinates are presented. In order to investigate the effect of 

vortex generators, various vortex strengths are examined in this 

study. The total-pressure recovery and distortion coefficients 

are obtained at the exit of the S-duct. The numerical results 

clearly depict the interaction between the low velocity flow by 

the flow separation and the injected vortices. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 S-duct without vortex Generators 

The subsonic duct is a feature of the air intake 

propulsion systems for modern aircraft whether the speed of 

the aircraft is subsonic or supersonic. Depending on the 

integration of the engine inlet with the airframe, various 

shaped ducts are employed. The intention of duct design is 

to produce high pressure recovery in order to maintain high 

thrust levels I and low flow distortion consistent with 

stable engine operation. It is common to design ducts to be 

as short as possible because of size and weight 

restrictions. Many aircraft employ curved rectangular, or 

circular shaped ducts with constant or varying cross­

sectional area in the engine intake systems. For example, 

the Boeing 727, Lockhead Tristar(L-10ll), General dynamics 

F-16, and McDonnell-Douglas F-18, etc., use the S-shaped 

duct in their engine intake systems. Usually, the 

diffusing duct is employed in the inlet of the propulsion 

system of the aircraft in order to decelerate the flow and 

achieve high pressure recovery at the engine compressor. 

The S-shaped duct produces complex cross flow patterns 

and nonuniform velocity profiles at the exit because of its 
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curvature and centerline offset. These deteriorate the 

performance of the engine inlet system. The nonuniform flow 

at the exit results from the expulsion of low velocity 

fluid by a pair of counter-rotating vortices, which are 

produced near the inflection point of the duct and 

stretched toward the exit. 

The experimental results obtained by Bansod and 

Bradshaw(1972) show the expulsion of low velocity fluid at 

the exit. The authors conducted experiments using three 

different kinds of constant-area S-shaped ducts in 

incompressible flow. The S-shaped ducts were assembled with 

different radii of curvature(R) of the duct centerline. One 

had the same RID = 2.25 in the first and second half bend. 

Others had RID = 2.25 or RID = 3.5 in the first and second 

half bend, respectively. The S-shaped duct with large 

radius in the second half bend was more efficient because 

the thick boundary layer in the second half bend was less 

rapidly deflected. 

McMillan(1982) 

curved rectangular 

conducted experiments using a 

diffusing duct. The flow was 

incompressible. The results show a pair of counter-rotating 

vortices at the exit. The secondary velocity profiles show 

that the high velocity fluid at the central portion of the 

channel moves toward the concave wall, driven by 

centrifugal force. Correspondingly, the low velocity fluid 
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in the boundary layers moves toward the convex wall. The 

mean velocity in the diffusing duct is dominated by this 

secondary flow. 

Guo and Seddon (1982) tested a S-shaped rectangular 

duct of constant cross-sectional area with several 

different angles of attack. The results show that the flow 

separation, turbulent intensity, and flow distortion at the 

exit increase with increasing the angle of attack. 

Vakili et al. (1987) tested a diffusing 30°-30° S-duct 

with circular cross section. The duct area ratio between 

inlet and exit was 1.51. The offset of the duct resulting 

from the centerline curvature was 1. 34 times the inlet 

diameter. Two straight circular pipes were attached 

upstream and downstream of the S-duct to provide the 

desired boundary layer thickness flow at the inlet of S­

duct and minimize the exit flow effect. The entrance Mach 

number was 0.6 and the Reynolds number based on the inlet 

diameter was 1.7 6x106
• The secondary velocity profiles, 

static- and total-pressure contours, and surface static­

pressure were measured at the several streamwise locations. 

The experimental results show that a pair of counter­

rotating vortices created by the flow separation cause the 

flow distortion at the exit of the S-duct. 

Jenkins and Loeffler(1991) conducted experiments on a 
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compact diffusing S-duct. The offset of the duct centerline 

was 1.5 times inlet diameter. The duct area ratio between 

inlet and exit was 2.25. The entrance Mach number and 

Reynolds number were 0.34 and 5.75X10s, respectively. The 

authors measured the secondary velocity profiles, 

streamwise velocity contours, and surface static-pressure. 

The results were similar to the experimental results 

obtained by Vakili et al. (1987). 

Wellborn et al. (1992) conducted experiments on a 

diffusing S-duct, which was larger than, but geometrically 

similar to the duct studied by Vakili et al. (1987). The 

duct inlet Mach number was 0.6 and the Reynolds number 

based on inlet diameter was 2.6x106 • Two straight pipes of 

3.75 times inlet diameter were attached upstream and 

downstream of the S-duct to provide a uniform inflow and 

minimize the exit flow effect. The authors measured the 

surface static-pressure along the streamwise and 

circumferential direction. streamlines near the wall, 

observed by oil flow visualization, showed the formation of 

the counter-rotating vortices in the flow separation 

region. The results showed that the flow at the exit was 

strongly affected by these vortices, and the mean velocity 

profiles were very similar to the total-pressure field. 

Early numerical work on the curved pipe is shown in 
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Rowe(1970)'s work. The author computed the secondary flow 

on a 45°-45° S-shaped and a 180° pipe by the step by step 

application of the Squire and Winter's(1951) inviscid 

secondary flow theory. The computation based on the 

inviscid theory predicts roughly the flow pattern in a 

curved pipe, if the mean flow does not have large local 

variations associated with the secondary flow. 

Pratrap and Patankar(1975) calculated mean velocity 

and secondary flow in a 90° curved constant-area 

rectangular duct for incompressible flow. The authors used 

the fully parabolized Navier-Stokes(PNS) equations and 

partially PNS equations, with a k-e turbulence model. The 

partially PNS equations for subsonic flow are obtained from 

the full Navier-Stokes(FNS) equations by assuming that the 

streamwise viscous diffusion terms are negligible compared 

to the normal and transverse viscous diffusion terms. The 

fully PNS equations have one more restriction, that the 

pressure in the streamwise momentum equation is assumed to 

vary only in the streamwise direction. More detail 

information about PNS equations is described by Anderson et 

ale (1984). The computational results show that predictions 

using the partially PNS equations are more accurate than 

those using the fully PNS equations. 

Levy et al. (1980) conducted computations in a 

constant-area S-shaped duct using PNS equations. The offset 
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and length of the duct was one and five times the inlet 

diameter, respectively. The inflow Mach number was 0.2. The 

results show that the total-pressure contours at the region 

of near the bottom wall are almost the same shape as the 

streamwise velocity contours. More detailed results of the 

total-pressure contours and secondary velocity profiles 

were obtained by Towne and Anderson(1981). The authors also 

conducted a numerical study with a PNS computer program 

with an algebraic turbulence model. The flow was laminar 

with an entrance Mach number of 0.2 and a Reynolds number 

based on duct diameter of 2000. 

Levy et ale (1983) analyzed a 22.5°-22.5° S-shaped duct 

in laminar and turbulent flow at Reynolds numbers of 790 

and 4. 8xl04
, respectively, using a PNS computer code with an 

algebraic turbulence model. The streamwise velocity 

contours agreed well with the experimental data. The 

analysis shows that the streamwise velocity in turbulent 

flow is similar to the laminar flow field, but the 

streamwise velocity distortion in the turbulent flow is 

less than that in the laminar flow. 

Vakili et al.(1983,1984) performed numerical analysis 

and experiments on a 30°-30° non-diffusing S-duct. The 

inlet Mach number was O. 6 and the Reyno Ids number was 

1. 76xl06
• The PNS computer code was used to predict the 





• 

8 

Lomax and "one-half" equation turbulence model which 

accounts for some of the history effects in computing the 

turbulence length scale. The results showed that the thin 

layer Navier-Stokes equations code provided a reasonably 

good representation of the flow at the exit, but the code 

could not accurately predict the separated flow region. 

Harloff et al.(1992b) conducted a numerical study in 

the diffusing 30°-30° S-duct using the three-dimensional 

FNS equations. The authors used the algebraic and k-E 

turbulence model. The wall static-pressure distribution and 

total-pressure profiles calculated with the k-e turbulence 

model were better than those with the algebraic turbulence 

model. However, the computational results showed that both 

turbulence models could not adequately account for strong 

secondary flows with flow separation. 

1.2 S-duct with Vortex Generators 

From the review of the S-shaped duct without vortex 

generators, one sees that the strong secondary flow due to 

adverse pressure gradient may have deteriorating effects on 

the performance of the engine inlet system. To alleviate 

this problem, a vortex generator can be used as a flow 

control device because it can transport energy into the 

boundary layer from the outer flow. The vortex generator 
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close to the duct surface, and (4) the distance between 

them decreases because they counteract each other. 

Counter-rotating vortex generators are very effective 

in reducing the flow separation if the vortex generators 

are placed slightly upstream of the region of separation. 

If the induced vortices are rotating away from each other, 

the induced secondary flow between two vortex generators 

moves toward the center of the duct. The vortices are 

attracted to each other for a short time, and then they 

proceed to march away from the wall. Since the two vortices 

are moving toward the center of the duct, the duct surface 

is not much affected by the induced vortices. If the 

induced vortices are rotating toward each other, the 

induced secondary flow between two vortex generators moves 

toward the duct surface. Two vortices move away from each 

other, but they remain close to the duct surface because 

the induced secondary velocities push each other toward the 

surface. The induced vortex strength is dissipated 

significantly as it moves downstream due to viscous 

diffusion. 

Early studies with vortex generators have focused on 

improving the diffuser performance. Brown et al. (1968) 

conducted experiments with pairs of vane type vortex 

generators in a short diffuser. The results show that high 

pressure recovery and flow uniformity can be achieved by 
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the vortex generators, but the incorrect arrangement of 

vortex generators can lead to significance performance 

losses. 

Vakili et al.(1986) experimentally investigated the 

performance of the vortex generators in a diffusing 30°-30° 

S-shaped duct with circular cross-section. The entrance 

Mach number was 0.6 and the Reynolds number based on the 

diameter was 1. 76xl06
• To eliminate the total-pressure 

distortion at the exit and flow separation in the duct, arc 

wing type, rail type and vane type vortex generators were 

installed at the upstream of the separation region. Using 

a flow control device, the flow distortion at the exit was 

significantly improved. The results showed that the flow 

field at the exit depended on the types of vortex 

generators. 

Reichert and Wendt(1992} conducted experiments to 

examine three parameters of vortex generators array, i.e., 

the height of vortex generator, the location of the vortex 

generators array, and the vortex generators spacing. The 

test was performed on the same geometry and flow conditions 

as studied by Wellborn et al.(1992). The Wheeler wishbone 

generators, which produced a pair of counter-rotating 

vortices, were used. The results show that the efficiency 

of vortex generators is much dependent on the parameters of 
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vortex generators. 

A numerical study of a fully viscous subsonic internal 

flow with vortex generators was reported by Kunik(1986). 

The shed vortex is modeled by introducing a vorticity 

source term into a modified form of the PNS equations. That 

vortex model resembles the one proposed by Squire (1965) 

except that it neglects the variation of viscosity in the 

cross plane. Quantitative comparisons with the experimental 

data by Vakili et al. (1986) show that the vortex model can 

predict the global flow field in the S-duct. 

Anderson(1991) conducted the analysis of the flow 

physics associated with vortex injection in the S-shaped 

duct and F/A-18 inlet duct. The author used the PNS 

equations with the algebraic turbulence model. Predicted 

total-pressure profiles were in good agreement with 

experiment results, but the transverse velocities at the 

exit were overestimated. 

The PNS equations were derived from the FNS equations 

using a series expansion technique. These equations can be 

solved using a space-marching technique because the 

streamwise diffusion term in the FNS equations is neglected 

and a pressure in the streamwise momentum equation is 

assumed to vary only in the streamwise direction for 

subsonic flow. Naturally, a substantial reduction in 

computation ti=e and storage is achieved, but the space 
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marching method is not well posed if the streamwise 

pressure gradient is included everywhere in the flow field. 

If the streamwise velocity deficit in the vortex core is 

quickly recovered along the duct, the role of the 

streamwise diffusion term in the FNS equations is 

important. In that case, the FNS equations should be 

solved. 



15 

(a) Top view 

U Shed '"orlex 

(b) Side view 

Fig. 1.1 A typical vortex generator. 
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we know that most of predictions of flow fields with vortex 

generators are conducted using PNS equations. In order to 

apply space-marching method of PNS equations, the vortical 

structures, modelled from the shed vortex, are set up at 

the inlet plane of a computational domain with the 

approximately calculated inlet flow conditions. In contrast 

to the previously published work, a new vortex model is 

developed and it is applied inside the computational domain 

like a source term. The inlet boundary conditions are not 

affected by the added vortical structures. Numerical 

analysis is conducted using the three-dimensional FNS 

equations, with an algebraic turbulence model, because FNS 

equations are able to deal with the streamwise diffusion 

terms, which are important in the region of the shed vortex 

core. In order to confirm the developed vortex model, four­

different types of vortex generators are examined in a 

straight duct. In the straight duct computations, the inlet 

Mach number is 0.6 and the Reynolds number based on the 

diameter is 1.0xl06
• The computational results are compared 

with the analytic results obtained by the two prediction 

models. 

In order to investigate the flow structure in the 

diffusing 30°-30° S-duct with vortex generators, the above 

mentioned vortex model is applied inside the computational 
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domain. The three-dimensional FNS equations with a modified 

algebraic turbulence model are solved. The inlet Mach 

number is 0.6 and the Reynolds number based on the inlet 

diameter is 1.76xl06 • The interaction between the injected 

vortices and separated flow is investigated. The static-

and total-pressure fields and secondary velocity profiles 

are compared with the experimental results obtained by 

Vakili et al. (1986). In order to investigate the effects of 

the injected vortices, the computed results are compared 

with those without vortex generators, and the total-

pressure recovery and distortion coefficients are 

investigated at the exit of S-duct. 

2.1 Governing Equations 

The three-dimensional and compressible Navier-Stokes 

equations in Cartesian coordinates without body forces are 

written in a conservation form as follows: 

(2.1) 

U is the independent variable, E, F and G are the 

convective flux vectors 
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that the incoming flow at the inlet plane is uniform. At 

the inlet plane, only four pieces of infornation enter the 

domain along the incoming characteristics and one piece 

leaves along the outgoing characteristics because the flow 

speed in the whole computational domain is sUbsonic. 

Therefore, four boundary conditions must be specified, and 

one relation has to be extracted from the characteristic 

equation. 

It is not necessary to fix values in terms of the 

actual characteristic variables as long as the alternative 

choice leads to a well posed problem. A particular good 

choice on physical grounds is to specify the stagnation 

enthalpy and the entropy of the incoming flow. For a 

perfect gas, this corresponds to specifying the stagnation 

temperature and pressure. These conditions are same as the 

flow conditions through a duct or nozzle fed from a large 

reservoir in which conditions remain constant. Constant 

stagnation temperature To and pressure Po are specified at 

the inlet plane. 

(2.25) 

(2.26) 
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The transverse velocities are assumed to be zero. The 

relation which corresponds to the negative characteristic 

can be derived along the characteristics Eq. (2.27). 

dp _ pc du = 0 
dC dC 

(2.27) 

This becomes 

p - p c u = (p - p c U ) incerior (2.28) 

substituting the inflow boundary condition Eqs. (2.25) 

and (2.28) into Eq. (2.26), we can obtain the inlet 

temperature, static-pressure and axial velocity. The axial 

velocity near the duct edge approaches zero in order to 

satisfy the no-slip condition on the wall during iterations 

because the finite volume method is employed. The density 

at the inlet is calculated from the equation of state. The 

total initial energy at the entry plane can be obtained 

from the calculated values. 

At the exit, one negative characteristic enters 

through the boundary into the computational domain. One 

boundary condition must be specified at this plane. In this 

study, constant static-pressure is specified at the exit 

plane. Physically this condition corresponds to a duct with 

an unobstructed exit into a large constant pressure 

reservoir. Linear extrapolation is adopted for 

evaluating the exit velocity and exit density. The exit 
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temperature is calculated from the equation of state. The 

total internal energy at the exit plane can be obtained 

from the calculated values. 

The no-slip condition is specified on the wall of the 

duct and an adiabatic wall condition is imposed by setting 

the normal derivative of temperature equal to zero. The 

boundary values at the center, which is needed when using 

the O-grid, are evaluated by averaging the surrounding flow 

properties. 

2.4 Turbulence Model 

The Baldwin-Lomax turbulence model (1978) is applied 

along the normal direction from the wall. This model has 

been used extensively for attached or slightly separated 

flows because it leads to low computational time 

requirements and it appears to be comparable to more 

complex turbulence models. The Baldwin-Lomax model is an 

algebraic two-layer eddy viscosity model based on the 

Cebeci-Smith(1974) method with modifications that avoid the 

necessity for finding the edge of the boundary layer. Near 

the wall, the Baldwin-Lomax model uses the well-known 

Prandtl-Van Driest formulation for the turbulent viscosity. 
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(2.29) 

where 

1 = lC Y [ 1 - exp ( - y" ) ] 
A+ 

(2.30) 

Iwl is the magnitude of the local vorticity vector. 

( au _ aV)2 + ( av _ aW)2 + ( aw _ aU)2 
ay ax az ay ax az 

(2.31) 

and 

= .[P:t:,y (2.32) 
1-1101 

+ 
Since the damping constant A is a function of the 

pressure gradient, an empirical equation by Kays and 
+ 

Crawford(1980) is employed for A . 

25.0 
7 .lbp· + 1.0 

If p+ > 0.0, b = 2.9 
(2.33 ) 

If p. < a . 0, b = 4.25 

where 

(2.34 ) 
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of Yma.r and F mAr • FUd> is a function of (Y/YmAr)' The Ymc..r is the 

distance at which the maximum value of F(y) occurs along 

the normal direction from the wall, where F(y) is 

proportional to the moment of vorticity. For simple 

turbulence flows, a single well defined peak exists in the 

function F(y) along a given streamwise station. When the 

flows are complex, the function F(y) may exhibit multiple 

local maxima. Selection of inappropr iate length scales 

leads to inaccurate flow structure. Various methods for 

determining the appropriate length scale have been 

proposed. 

Horstman(1987) modified the Baldwin-Lomax turbulence 

model for the problem of shock-wave and turbulent boundary 

layer interaction flows. The Yma.r occurred outside the 

boundary layer thickness upstream and downstream of the 

shock induced separated region. The first maximum value of 

F(y) away from the wall was used to insure Yma.r is less than 

the boundary layer thickness. 

Degani et al. (1986, 1991) proposed modification of the 

Baldwin-Lomax turbulence model in computing the three­

dimensional separated flow around a prolate spheroid at 

high incidence in the supersonic and subsonic flow. To 

eliminate the selection of large Fma.r due to the presence of 

the vortex sheet, it was chosen at the first peak value of 














































































































































































































































































































































