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Abstract 

Longitudinal vortices in turbulent boundary layers that are subjected to strong wall curvature (both 
convex and concave) and strong adverse pressure gradients were investigated numerically. The 
motivation for this research was to uncover the fundamental mechanisms responsible for the gen- 
eration of longitudinal vortices and their dynamical interaction with the other dominant coherent 
structures that arise from the presence of wall curvature and strong adverse pressure gradients. This 
understanding is essential for future implementation of separation control techniques for practical 
flows when longitudinal vortices are inherently present, or when forced longitudinal vortices are 
employed for separation control (i.e., on demand vortex generators). Furthermore, such investi- 
gations can shed light on the turbulence generation mechanisms for boundary layers subjected to 
streamwise curvature and pressure gradients when longitudinal vortices are present. The investiga- 
tions were carried out using DNS, LES and unsteady RANS. Towards this end, we have employed 
our new Flow Simulation Methodology (FSM) for calculating turbulent flows. The present nu- 
merical investigations were a critical test for FSM and the turbulence model used in FSM as the 
investigated flows are highly complex with the turbulence in strong non-equilibrium. 
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1 Introduction 

For practical hydrodynamic applications turbulent boundary layers arise that are subjected to var- 

ious degrees of wall curvature, both concave and convex, and strong adverse/favorable pressure 

gradients. As a consequence, the resulting flows are highly complex, and the turbulence produc- 

tion mechanism, in particular, may be dominated by the presence of large coherent structures. In 

addition, these coherent structures may govern the separation behavior of the flow. Depending 

on the wall geometry, these structures may be predominantly two-dimensional, or strongly three- 

dimensional. The unique flow geometry of the so-called Stratford ramp yields a flow that is bor- 

derline between an attached and separated flow. A characteristic of the Stratford ramp geometry 

is that both curvature and strong adverse pressure gradients act on the boundary layer simulta- 

neously. With the combined effect of strong pressure gradient and curvature, the flow along the 

Stratford ramp can be kept on the verge of separation (over the entire ramp region) without actually 

causing separation. With funding from a previous ONR grant, we have numerically investigated 

the turbulent boundary layer over a Stratford ramp [12, 16, 17]. Direct Numerical Simulations 

(DNS), Large-Eddy Simulations (LES) and Reynolds-averaged Navier-Stokes calculations of the 

laboratory experiments have been carried out in close collaboration with the experimental effort 

by Wygnanski and coworkers. 

Although there was a large body of qualitative and quantitative agreement between simulations and 

experiments, there were systematic, unexplained differences between the simulations and experi- 

ments. In fact, from repeatedly scrutinizing the experimental and numerical evidence, it became 

clear to us that additional physical mechanisms must be present in the laboratory experiments that 

had not been captured by the simulations. For example, in all the numerical simulations, we could 
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never impose a pressure gradient strong enough to accomplish the rapid drop to almost zero skin 

friction immediately after the convex corner, as was possible in the experiments. In the simulations, 

the curvature at the convex comer had to be much less than in the experiments and, therefore, the 

pressure gradient at the initial region of the Stratford ramp was much less than in the experiments. 

As a consequence, the skin friction in this initial region was higher in the simulations than in the 

experiments. When a stronger curvature was imposed at the convex corners, such that it matched 

the experimental geometry, and the same adverse pressure gradient was imposed at the transition 

to the concave portion at the ramp, the boundary layer over the ramp would separate massively. 

Even with additional two-dimensional forcing, the flow could not be kept attached. 

Further evidence of the systematic difference between experiments and simulations was obtained 

from simulations (LES, DNS) and RANS calculations of a flat plate boundary layer with the same 

adverse pressure gradient in the ramp region as in the experiment-thus the effects of curvature 

were eliminated. Again, in numerous attempts, we could never accomplish the low skin friction 

scenario over the ramp region as in the experiments. From these systematic differences of the 

results between simulations (with and without curvature) and the experimental measurements, we 

were in a position to draw two main conclusions: 1. The (concave) wall curvature in the Stratford 

ramp region is crucially important for obtaining the low skin friction values in the experiments, 

and thus for keeping the flow close to separation over the ramp region. 2. Longitudinal vortices 

may have been present in the experiments. Such vortices would effectively enhance an exchange 

of momentum and thus would allow for a more severe pressure drop in the initial Stratford ramp 

region without causing separation. 

Indeed, when scrutinizing experimental data from another experiment (turbulent wall-jet over a 

Coanda cylinder), Wygnanski and coworkers found hard evidence that Gortler-type longitudinal 

vortices are present in this turbulent flow and that these vortices may significantly contribute to 

momentum transfer between the outer and inner regions, which helps to keep the flow attached 

(see Likhachev et al. [4]). Also, from these experiments, it was found that the observed size (the 

wave length Xz) of the Görtler-type vortices scales directly with the (boundary) layer thickness 

(M = S). 
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Upon obtaining the astonishing evidence that longitudinal, Görtler-type vortices do indeed play a 

crucial role in the separation behavior of turbulent Coanda wall jets, we re-evaluated our previous 

simulation data for the Stratford ramp flow and the experimental measurements of Wygnanski and 

coworkers to determine if the presence of Görtler-type vortices could possibly be responsible for 

the systematic discrepancy between simulations and experiments. From preliminary estimates and 

using averaged quantities (for example in the middle of the downstream extent of the concave ramp 

region), we found an approximate value for the Görtier number (the Görtier number is defined as 

G = Re$yJ'd/R; Re,? is the turbulent Reynolds number, Retf = U^d/vr; ti is the momentum 

thickness; vT is the turbulent viscosity) that was within the unstable region. This is an indication 

that Görtier type vortices can indeed arise in the Stratford ramp flow and may likely play an im- 

portant role in our situation where the flow is close to separation and the exchange of momentum 

provided by such a large-scale (coherent) motion can decisively contribute toward prevention of 

separation. 

Thus the question arises why Görtier vortices did not appear in our previous numerical simula- 

tions. The previous simulations were carried out with a spanwise domain size that was too small to 

accommodate the wave lengths of unstable Görtier vortices and, as a consequence, the generation 

of such vortices was suppressed. When planning the simulations, we deliberately used a small 

spanwise domain to allow for the highest possible resolution of the spanwise scales for a given 

number of grid points (to reduce the cost of the simulations). This was justified, as the consensus 

from previous experimental evidence of other investigations was that Görtler-type vortices did not 

play an important role in turbulent boundary layers [18,19]; the exception being the paper by Tani 

[33]. The rationale for this conjecture was based on the assumption that turbulent diffusion would 

not allow the development of strong coherent longitudinal motion or that turbulent diffusion would 

destroy such coherent vortices when somehow already established (by upstream history or artifi- 

cial vortex generators). However, as discussed above, it is possible that Görtler-type vortices may 

indeed be relevant. Also, we believe that their role in turbulent boundary layers may have been 

downplayed in the past because these vortices could not be reliably detected in the earlier exper- 

iments. Unequivocal identification of such vortices is associated with considerable experimental 
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difficulties (see Likhachev et al. [4]). In fact, in a more recent, preliminary DNS with a larger 

spanwise domain, we have found strong evidence that Görtler-type vortices are indeed present in 

this flow. 

To investigate if Görtier vortices can indeed arise and play a role in a turbulent boundary layer on 

a concave wall, we initiated a new comprehensive numerical effort using Direct Numerical Simu- 

lations (DNS), Large Eddy Simulations (LES), as well as steady and unsteady RANS calculations. 

In particular, for these studies, we also wanted to employ our new Flow Simulation Methodology 

(FSM) that we have been developing (originally in collaboration with C. Speziale (Boston Uni- 

versity)) during the past several years (for details see Speziale [15] and Zhang et al. [14]). In this 

report, the numerical investigations will be discussed that we carried out with funding from ONR 

for the past two years. (The investigations are not complete since the program was originally laid 

out for a three year duration.) 

To obtain maximum pressure recovery for a given distance, wall bounded flows have to be kept 

close to separation. In 1959, Stratford showed how maximum flow deceleration and pressure 

recovery can be obtained in the shortest possible distance [9,10]. For many technical applications, 

this type of flow may be desirable. Increased performance and efficiency of airfoils, diffusers, and 

many other devices could be obtained without the need for an increase in the spatial dimensions of 

the respective devices. As the flow is close to separation, minimal control effort can cause the flow 

to detach or attach. 

Elsberry et al. extensively studied the Stratford ramp flow in wind tunnel measurements [2, 3]. 

They examined turbulence characteristics of the flow and studied the effect of external acoustic 

excitation. The extreme sensitivity of the flow to the upstream flow conditions is believed to 

be the reason for the difficulty of achieving a region of close to zero skin friction. As the flow 

approaches separation, a minimal increase of the pressure gradient along the contour can cause 

sudden, massive separation. In close collaboration with the experimental program, we have set up 

a program to investigate the Stratford ramp flow numerically. 

The turbulent three-dimensional (3-D) Direct Numerical Simulations (DNS) by Zhang et al. [12, 
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13] were continued to get more statistical information. The turbulent DNS data was then decom- 

posed into two-dimensional (2-D) and 3-D structures by means of a Proper Orthogonal Decompo- 

sition (POD). The 2-D structures were identified as spanwise vortices ("rollers") that propagate in 

streamwise direction. The 3-D structures were longitudinal vortices, probably caused by a Görtier 

type instability. 

A temporal code was developed to better understand the phenomena of the Görtier instability 

mechanism. Using such a code with relatively little computational effort, a great number of 

Görtler-type simulations can be performed. A comparison of the longitudinal structures observed 

in the turbulent DNS with results of the temporal code shows qualitative agreement. 

Furthermore, a compressible code for curvilinear coordinates was developed to study the 2-D and 

3-D structures. First, the ramp geometry from wind tunnel experiments by Cullen et al. [23] was 

simulated. At first, by adjusting the molecular viscosity to turbulent levels, the effect of turbulence 

was crudely modeled. It could be shown that spanwise periodic forcing has a pronounced effect on 

the time averaged size of the separated region. For this geometry a steady 2-D RANS simulation 

yields a separation bubble in the concave section. The experiments by Wygnanski and our prelimi- 

nary numerical simulations had indicated that the presence of large (spanwise) coherent structures 

contributes to an exchange of momentum between the inner and outer flow, thus helping to keep 

the flow attached. In a steady 3-D RANS computation, the impact of a forced longitudinal vortex 

on the separation bubble was investigated. Since this particular geometry resulted in a separation 

flow region, a more generic ramp geometry with smoother transitions between the various seg- 

ments was constructed for the numerical simulations. As a result, attached flow was observed in 

2-D RANS computations. 

This generic ramp geometry (no separation in 2-D RANS) was used to study the influence of 

periodic spanwise forcing by blowing and suction on the separation characteristics of 2-D laminar 

flows. For this geometry we also employed our FSM for numerical simulations of turbulent flows 

both forced and unforced. The influence of the contribution function (used in FSM) on the flow 

structures was investigated. Using steady RANS calculations the dependence of the amplification 

of longitudinal vortices (initiated by steady spanwise disturbances) on the spanwise wavenumber 
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was studied. For wavenumbers smaller or larger than the optimal wavenumber, reduced growth of 

the longitudinal vortices was observed. In a separate computation, the longitudinal structures were 

forced by a corrugated wall. Finally, two unsteady fully three-dimensional FSM computations 

were initiated. Both unforced and steadily forced cases indicated the presence of longitudinal 

vortices in the temporal average. However, these results are preliminary as the simulations are not 

yet completed. 



2 DNS of Turbulent Stratford Ramp 
Boundary Layer 

For the 3-D turbulent DNS, the incompressible Navier-Stokes equations are solved in vorticity- 

velocity formulation [7, 8]. The incompressible code was originally developed by Meitz and Fasel 

[7, 8] for investigating transition in flat plate boundary layers. Superior amplitude and wave num- 

ber accuracy is guaranteed by the underlying vorticity-velocity formulation of the governing equa- 

tions, by a 4th-order accurate compact difference discretization in space and a 4th-order accurate 

Runge-Kutta time integration method as well as a spectral discretization in the spanwise direction. 

Later, the code was modified for the use of orthogonal curvilinear coordinates and for the FSM ap- 

proach. The transformation of these equations to orthogonal curvilinear coordinates can be found 

in Zhang and Fasel [12, 13]. 

The inflow velocity U^ = 15m/s was chosen in accordance with the experiments by Elsberry et 

al. [2, 3] and the computations by Zhang and Fasel [12, 13]. The Reynolds number based on the 

height of the ramp h = 0.245m was Reh = 244,650. A turbulent boundary layer profile taken from 

a turbulent boundary layer equation solver with Re^ = 3,740 was used as inflow condition. At the 

wall, the no-slip condition is imposed. Near the outflow boundary, a buffer domain technique is 

used to prevent reflections of disturbances. At the outflow boundary itself, all second derivatives in 

the streamwise direction are set to zero. At the freestream boundary, an adverse pressure gradient 

is imposed, which matches that of the experiments. 

Typical results from a DNS are given in Fig. 2.1. Shown are isosurfaces and isocontours of instan- 

taneous u. As the flow approaches the concave section, the boundary layer thickens considerably. 
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Figure 2.1: 3-D DNS. Isosurfaces of u = 0.4,0.5 (blue, cyan), 
and isocontours of u. Instantaneous picture. 

A Proper Orthogonal Decomposition (POD) was performed for the purpose of investigating the 

results in more detail. 

In POD, a given sequence of time- (time step n) and space- (x) dependent flow data are decom- 

posed into space-dependent eigenfunctions <7j (X) and time-dependent contribution functions &(tn) 

u{xX) =Y.C,i{tn)oi(x) (2.1) 
*=i 

The resulting eigenfunctions are sorted by their respective "energy contents" (indicated by the 

magnitude of their corresponding eigenvalues). The mode 0 eigenfunction is generally the tem- 

poral average of the time-dependent flow data. This expansion of the flow field into "coherent 

structures" requires the smallest number of expansion terms for a given accuracy. 

The first three modes of the POD are presented in Fig. 2.2, 2.3, and 2.4. The corresponding 

contribution functions are given in Fig. 2.5. 

Mode 0 is the temporal average. Its eigenvalue has the value of 0.0227761865. The eigenfunction 

shows a spanwise modulation of all 3 velocity components in the concave section of the ramp (see 

Fig. 2.6). This is very likely due to the presence of longitudinal vortices in the flow believed to be 
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Figure 2.2: POD of 3-D DNS, mode 0. Isosurfaces of u = 
0.25,0.5 (red, blue), isosurfaces of v = 0.007,0.01 
(green, orange), and isosurfaces of w = —0.01,0.01 
(cyan, purple). 

Figure 2.3: POD   of  3-D   DNS,   mode   1.       Isosurfaces   of 
u = -0.02,0.02 (red, blue), isosurfaces of v = 
-0.01,0.01 (green, orange), and isosurfaces of w = 
-0.01,0.01 (cyan, purple). 

caused by a Görtler-type instability mechanism. A close-up of mode 0 in the concave section of 

the ramp is given in Fig. 2.7. 
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Figure 2.4: POD of 3-D DNS, mode 2 (left) and mode 3 (right). 
Isosurfaces of u = -0.005,0.005 (red, blue), isosur- 
faces of v = -0.003,0.003 (green, orange), and iso- 
surfaces of w = -0.005,0.005 (cyan, purple). 

■ 
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Figure 2.5: POD of 3-D DNS. Contribution function. 

Mode 1, 2 and 3 oscillate with the same frequency. Mode 2 and 3 have about the same energy 

contents (eigenvalues 0.0000043412 and 0.0000039031). These modes appear to represent 2-D 

spanwise vortices (or "rollers") traveling downstream (see Fig. 2.8). Due to their motion, the POD 

resolves them with 2 modes that are essentially identical except for a phase shift by 1/4 of their 

respective wavelengths. 

Mode 1 is strongest in the concave section of the ramp.   It is believed to represent the time- 

10 
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Figure 2.6: POD of 3-D DNS, mode 0. Isosurfaces of u = 0.5 
(cyan), w = -0.01,0.01 (red, blue), isocontours of u 
(left), and isocontours of w (right). 

Figure 2.7: POD of 3-D DNS, mode 0.  Close-up.   Isosurfaces 
of u = 0.5 (cyan), w = -0.01,0.01 (red, blue), and 
isocontours of u. 

dependent interaction of the unsteady 2-D rollers with the steady 3-D longitudinal structures. Mode 

1 contains more energy (eigenvalue 0.0000047336) than mode 2 and 3. The effect of this interac- 

tion on the separation behavior of the flow is not studied in this report. Instead, the two types of 

structures occuring in the flow field are investigated separately. 

11 
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Figure 2.8: POD of 3-D DNS, mode 2. Isosurfaces of u = 
-0.005,0.005 (red, blue) and isocontours of u (left). 
Isosurfaces of v = -0.003,0.003 (red, blue), and iso- 
contours of v (right). 

12 



3 Temporal Code 

Most of our understanding of the role of Görtier vortices in turbulent boundary layer flows is 

based on results obtained from Direct Numerical Simulations of the full, nonlinear Navier-Stokes 

equations as discussed in chapter 2. While Direct Numerical Simulations most accurately represent 

the physics of the flows under consideration, they are very expensive to perform and do not lend 

themselves to investigations involving parameter studies, for example. In order to obtain further 

insight into phenomena associated with Görtier vortices in turbulent flows, additional tools are 

required. Towards this end, a temporal code was developed. Temporal numerical simulations differ 

from spatial numerical simulations in that, rather than providing a complete space-time history of 

the flow field, they allow for the flow to develop in time only and are assumed to be periodic in the 

downstream direction. 

3.1    Governing equations 

The temporal code is based on the incompressible, three-dimensional, unsteady Navier-Stokes 

equations in vorticity-velocity formulation. The coordinate system is a cylindrical one with az- 

imuthal, radial and spanwise directions identified as 9, r and z. 

Using the fact that both velocity and vorticity fields are solenoidal, the components of the transport 

equation for the vorticity can be written as 

due    _      da      dc       1   j d  (1 d \       1 d2uje     d
2ue      2 duoT 1 

13 
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dur    =    lda_db     J_jd_(ld_,     A     J_dV     öV _ ^duA 
dt rdB     dz + Re\dr\rdr ^'j + r2 dB2  + dz2      r2 dB J '      (    ' 

dt rdB     dr     r     Re\rdr \ dr )     r2 dB2       dz2 J (    ' 

where a, 6 and c are the non-linear terms 

a   =   vru)0 - veu)r, (3.4) 

b   =   vzur - vruz, (3.5) 

c   =   vsu)z - vzu)0. (3.6) 

In addition to the transport equations, three Poisson-type equations have to be solved for the ve- 

locity components vg, vr and vz: 

cNg_     1 dve_ _ ve_     J_ &%  ,&]*      2 dtv _ du1_du)L 

dr2      r dr      r2     r2 dB2       dz2      r2 dB ~ dr       dz '                       (    } 

d2vr     1dvr     vT      1 ö2yr     9
2ur      2 dve dug     19o;z 

d^2" + ~r~dr~ ~ T2 + T2dfl2" + di2" ~ T2~dB = ~dz~~~r~dB'                    (3"8) 

Or2 + r dr      r2 dB2       dz2 r dB      r dB {TUe)' l     ' 

In accordance with the underlying assumptions of the temporal model, the flow is assumed to 

be periodic in the streamwise (azimuthal) direction. Periodicity is also assumed in the spanwise 

direction, which allows for the flow variables to be expanded in Fourier series in both 9- and 

^-directions. 

The temporal code was originally adapted from the spatial code developed by Meitz and Fasel 

[7, 8]. The numerical treatment of the governing equations is therefore very similar. 

3.2   Görtier instability 

Rayleigh showed in 1916 [24] that 

dr 
< 0, anywhere in the flow (3.10) 

14 
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Figure 3.1: Schematic view of Görtier vortices within a boundary 
layer over a concave wall. 

is a sufficient condition for the existence of an inviscid axisymmetric instability. T is the circulation 

defined as T = rv. This Rayleigh circulation criterion states that boundary layers on concave walls 

and wall jets on convex walls can become unstable [25]. In 1941, Görtier showed the solution of 

the disturbance equations to be in the form of stream wise-oriented, counter-rotating vortices [26]. 

Fig. 3.1 schematically illustrates Görtier vortices in a laminar boundary layer along a concave 

surface. R is the local wall radius of curvature, A is the spanwise wavelength of the disturbances 

and Uoo is the boundary layer freestream velocity. The disturbance velocities associated with the 

spanwise vortices grow in streamwise direction while maintaining their spanwise wavelength. 

The Görtier number is defined as 

G~    v   yR-RelR' (3.11) 

where ß is the local momentum thickness and v is the kinematic viscosity, and the spanwise 

wavenumber 

k = 
2TH9 

A  ' 
(3.12) 

Various different neutral curves for the onset of the Görtier instability have been proposed in the 

past. In this report, the neutral curve of Hall (1983) [27] was chosen for the validation of the 

temporal code. 

15 
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3.3   Validation 

a) 
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unstable 
i 

stable 
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B • 
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- G = 2 , 27C0A, = 0.3 
- G = 2,2TC9A,= 1.0 

12ICML 

Figure 3.2: Temporal code. Test cases A and B. a) Görtier sta- 
bility diagram, b) Time-development of wall-normal 
disturbance. 

Before applying the temporal code for DNS of turbulent Görtier flows extensive test calculations 

were performed for laminar Görtier flows in order to validate the newly developed code. Results 

of typical test cases of such validation calculations are discussed below. 

Two different combinations of G and k are chosen. For case A, G is set to 2 and k is set to 0.3. 

This combination is in the unstable region of Hall's neutral curve. Case B, defined by G = 2 and 

k = I, lies in the stable region (see Fig. 3.2). 

The temporal development of the maximum wall-normal disturbance velocity component is shown 

in Fig. 3.2. It is obvious that the calculations predict exponential growth for case A and exponential 

decay for case B. This is in agreement with linear stability theory (the initial disturbance was very 

small). 

For the purpose of studying the time-evolution of a Görtier unstable flow, a test case C well within 

the unstable region with G = 3.9 and k = 0.23 (see Fig. 3.3) was computed. Instantaneous 

results are plotted in Fig. 3.4. The contours of constant streamwise velocity u (Fig. 3.4a) are a 

good indicator for the shape of the boundary layer while the spanwise velocity w (Fig. 3.4&) is a 

good indicator for the location and strength of the Görtier vortices. Since w^ = 0, the spanwise 

velocity w is equal to the spanwise component w' of the disturbance velocity. 
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Figure 3.3: Temporal code. Görtier stability diagram for test case 
C. 

a) 1 

b) 

ms => 

Figure 3.4: Temporal code. Color-contours of a) streamwise ve- 
locity u and b) spanwise velocity w (bottom). 

The strong growth of the Görtier vortices distorts the boundary layer profile. Note that one pair of 

vortices is simulated (periodic boundary conditions in spanwise direction). As the Görtier vortices 

reach nonlinear stages, the boundary layer becomes highly distorted. The mushroom-like deforma- 

tion of the streamwise velocity leads to local high-shear layers in the outer region of the boundary 

layer. Similar observations can be found in Saric [25] and in Swearingen and Blackwelder [29]. 
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3.4   Qualitative comparison of temporal laminar DNS 
and spatial turbulent DNS 

Sabry and Liu (1991) [28] have shown that boundary layer flows over concave surfaces lend them- 

selves to qualitative comparison with computations obtained using the temporal model. They 

obtained good agreement with experiments by Swearingen and Blackwelder [29] well into the 

nonlinear regime. 

CD 

unstable 

stable 

DNS 
Neutral curve, Hall (1983) 

2JC0M, 

Figure 3.5: Görtier stability diagram for turbulent DNS. 

Figure 3.6: Color-contours, a) Spanwise velocity w obtained 
from temporal simulation, b), c) Spanwise velocity 
w and streamwise velocity u (cross-sectional view at 
ramp exit) obtained from DNS of full geometry. 

A temporal DNS with G = 4.5 and k = 0.84 (case D) was performed for qualitative comparison 
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DNS data 
' temporal simulation (turbulent profile) 

Figure 3.7: Comparison of DNS data with temporal simulation 
(case D). Eigenfunctions. 

with results from the turbulent DNS. 

Fig. 3.5 indicates that the time-averaged velocity profile obtained from the turbulent DNS in the 

concave section of the ramp is Görtier unstable (using vt = 100^sp; vav is the laminar viscosity of 

the spatial DNS; the spanwise wave number was specified by the spanwise size of the integration 

domain). This is consistent with the appearance of longitudinal structures in the DNS results. The 

temporal simulation was performed using the time-averaged velocity profile as the baseflow (and 

v = lOOvgp). A cross-sectional view of the turbulent DNS results as well as an instantaneous plot 

of the temporal simulation are given in Fig. 3.6. Plotted are contours of the spanwise velocity 

component from the temporal simulation (left) as well as from the DNS (center). In addition, the 

deformation of the streamwise velocity contours of the DNS is shown (right). 

The temporal simulation shows two staggered pairs of vortices in the spanwise direction (see Fig. 

3.6a). The turbulent DNS also shows four vortices (see Fig. 3.6b). Despite of the high level of 

turbulent fluctuations and the limited amount of data available for the time-average, the structures 

are clearly visible. The distorted boundary layer of the turbulent DNS (see Fig. 3.6c) simulation 

also compares well with temporal results (see Fig. 3.4). The conclusion drawn in chapter 2, that 

the longitudinal structures may be associated with Görtier vortices, is substantiated. 

The amplitude distributions from the temporal simulation and the turbulent DNS are compared in 

Fig. 3.7. The distinct shape of the spanwise velocity distribution of Görtier vortices can clearly 
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be identified in the result obtained from the DNS. It is believed that additional data would further 

improve the agreement. 

The existence of longitudinal vortices as coherent structures in turbulent boundary layers remains 

a highly debated topic. Some authors reject the idea altogether (see Patel and Sotiropoulos [30], 

Barlow and Johnston [31]), others claim the opposite (see Tani [33], Moser and Moin [32]). The 

latter propose that the apparent eddy viscosity governs the flow in the same way the molecular 

viscosity does in the laminar case. Assuming a constant eddy viscosity of vT = 0.018C/oo(5* (5* is 

the displacement thickness) and 5* = 1.3$ Tani arrives at the following approximate expression 

for the Görtier number in turbulent flows 

G = 43W|. (3.13) 
V -K 

The idea of coherent Taylor vortices existing in turbulent closed-system flows is generally undis- 

puted. The question remains to be answered whether Görtier vortices in open flow systems along 

concave surfaces represent the direct analogy to Taylor-type flows. 

All the evidence presented in this work supports the existence of Görtier vortices in the turbulent 

Stratford ramp boundary layer. 
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4 Compressible code in curvilinear 
coordinates 

In addition to the incompressible code discussed in the previous chapter, we developed a code 

based on the compressible Navier-Stokes equations. This was done for the purpose of creating a 

Navier-Stokes code for more general applications. Navier-Stokes codes based on the compress- 

ible Navier-Stokes equations are generally easier to parallelize than incompressible codes and are 

thus more suitable for today's massively parallel computers. Since compressibility effects are in- 

significant in Stratford ramp applications associated with this particular research, calculations were 

carried out at a Mach-number of 0.25. 

The new code is based on the compressible Navier-Stokes equations in conservative form 

dQ   de_   df   dg_d£1   ag,   aa 
dt      dx      dy      dy      dx       dy       dy ' 

where Q = [p, pu, pv, pw, pe]T is the state vector, 

£ = \pu, pu2 + p, puv, puw, (pe + p)u 

T = \pv, pvu, pv  +p, pvw, (pe + p)v 
-* r Q -i T 

Q = \pw,pwu,pwv,pw +p,(pe + p)w 

are the convective flux vectors, and 

dT ~ 
") T~xxi ^xyi ^xzi ^xx^   '   TXyV + TXZW + K 

J V U,Txy,Tyy,Tyz,TxyU + TyyV+TyzW + Kdy 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 
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4   Compressible code in curvilinear coordinates 

Qv 
dT~\T 

0, TIZ, TyZ, Tzz, TXZU + TyZV + TZZW + K Q (4.7) 
dz 

are the viscous flux vectors. The heat conductivity K is computed from the dynamic viscosity p 

by means of the Prandtl analogy with constant Prandtl number Pr = 0.72 and isentropic exponent 

7 = 1.4. The Sutherland law is used to compute p. The equation of state p = pRT closes the 

formulation. Since most surfaces of technical interest are complex the equations are transformed 

into generalized curvilinear coordinates (for details see Visbal and Gordnier [11]). 

For Reynolds Averaged Navier-Stokes (RANS) computations, two additional transport equations, 

^ + V-{pvk)   =   V-((// + aVr)VA;) (4.8) 
ot 

+   Pk-ß*pku (4.9) 
dpuj 

dt 
+ V • (pvco)   =   V • ((fx + a*/iT)Vcj) (4.10) 

+   a-?-Pk-ßpu2 (4.11) 
pr 

for the turbulence kinetic energy k and dissipation rate u> need to be solved. The model constants 

and the definition of the production V and destruction terms V can be found in Wilcox [5] (a = 

5/9, ß = 3/40, ß* = 9/100, a* = 1/2). The turbulence equations are coupled with the mean flow 

equations via the eddy viscosity pT = pk/u, which is added to the molecular viscosity p. 

For the Row Simulation Methodology (FSM) which we have been developing originally with C. 

Speziale, (see [15]) we are using a modified contribution function (see Zhang et al. [14]) 

/   max(0,A_2)\ 
/ = l-expl jj* I (4.12) 

where 

A = ^(Ax)2 + (Ay)2 + (Az)2 (4.13) 

is an averaged local grid spacing. Lk is the Kolmogorov length scale 

Lk =(-£-)* (4.14) 

with cM = 0.09. The parameter iV is specified by the user. The feedback of the turbulence quantities 

into the N-S equations is scaled by /, e.g. the Reynolds stresses or the eddy viscosity are multiplied 

by/. 
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4   Compressible code in curvilinear coordinates 

4.1 Numerical scheme and grid generation 

The convective terms in equation 4.1 are discretized by a 5th- (for the RANS computations) and 

9th-order upwind scheme (for the laminar computations) based on a WENO extrapolation [20,21] 

and the Roe scheme [22]. The discretization of the viscous terms is 4th order accurate. For the 

turbulence equations, a stable second order accurate discretization was chosen. 

For explicit computations, a four-stage 4th-order accurate Runge-Kutta time integration scheme 

(see Harris [34]) is used. For implicit time stepping, a second-order accurate Adams-Moulton 

method (see Ferziger [35]) is used. For the latter the resulting system of equations is solved by a 

line Gauss-Seidel method. 

For the grid generation, a Poisson solver developed by Israel and Fasel [6] is used to minimize the 

grid deviation from orthogonality everywhere in the domain. 

4.2 Boundary conditions 

For "incompressible" Stratford Ramp calculations, the inflow Mach-number is set to 0.25. For 

RANS computations, the original Reynolds number Re^ is used. For 2-D laminar computations, 

a constant eddy viscosity of pT/(i = 100 is assumed. This value is believed to be a reasonable 

spatial average of the eddy viscosity encountered within a typical turbulent boundary layer. The 

Reynolds number Reft is lowered accordingly. The ratio of momentum thickness Reynolds num- 

ber Re# to Reh at the inflow boundary is held constant. The compressible laminar boundary layer 

equations [1] are solved numerically to obtain the self-similar compressible boundary layer profile 

which serves as inflow boundary condition. At the inflow boundary, the static pressure is extrap- 

olated from the computational domain to allow upstream traveling acoustic waves to leave the 

computational domain. At the outflow boundary, temperature and velocities are extrapolated, the 

static pressure is fixed. In a confined region close to the outflow, volume forcing is employed to 

prevent flow structures from accumulating near the outflow boundary and contaminating the flow 
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4   Compressible code in curvilinear coordinates 

field upstream of the outflow boundary. For 3-D simulations, symmetry is enforced at the spanwise 

boundaries. 

Body-fitted calculations enable us to simulate the entire relevant wind tunnel test section of the 

experiments by Elsberry et al. [2, 3].To avoid excessive use of computational resources, the upper 

wall is treated as a no-stress wall. The lower curved wall is set to be adiabatic. 

4.3   Validation 

4.3.1    Laminar test case 

BB 0.033 
-' 0.017 
, 0.002 
LjJ -0.014 
I -0.029 
I -0.044 
I -0.060 
I -0.075 

1.16 
1.01 
0.85 
0.70 I 
0.54 I 
0.39 I 
0.23 [ 
0.08 

Figure 4.1: Isosurface u)y = 0.005 and u isocontours (left), uv 

isocontours, w isocontours, and v isocontours (right). 

A simple laminar test case was chosen to study the evolution of longitudinal structures on a curved 

wall. The contour was designed to have a smooth increase in curvature in streamwise direction 

such that separation is avoided. The inflow Reynolds number was Re^ = 3.3 • 103. The initial 

radius was ReRi = 4.12 • 104 and the end radius was ReR2 = 4.12 • 103. The flow makes a 90° 

24 



4   Compressible code in curvilinear coordinates 

degree turn. A longitudinal vortex was forced by application of steady blowing and suction close 

to the inflow. The longitudinal vortex becomes stronger as the curvature increases (see Fig. 4.1). 

As in the temporal simulation, the boundary layer profile is distorted by the Görtier vortex (see u 

isocontours). The w isocontours show the typical behavior. 

4.3.2   Turbulent test case 

Figure 4.2: Isosurface uy - 0.03 and u isocontours (left), wy iso- 
contours, w isocontours, v isocontours, and Hr/ß iso- 
contours (right). 

For the same geometry as before, a calculation was performed with the turbulence model turned on. 

The inflow Reynolds number was set to Rex = 3.3-105. The start radius now was Reßl = 4.12-106 

and the end radius was ReR2 = 4.12 • 105. The flow looks qualitatively similar to the laminar test 

case. The steady longitudinal vortex is strongly amplified in the section of high curvature, the 

boundary layer profile is distorted due to the presence of the steady vortices. This clearly indicates 

that Görtier vortices can also emerge in steady RANS calculations. 
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5 Stratford Ramp Geometry 1 

First, we simulated the flow for the ramp geometry (ramp 1) used in the experiments by Cullen et 

al. [23]. This ramp geometry, while causing the flow to stay attached in the experiments^ resulted 

in flow separation in our steady RANS computations. This may be due either to the turbulence 

model used, to an inconsistency in the state of the inflow boundary layer or to the fact that steady 

RANS cannot represent effects of unsteady large structures. Since separation was undesirable for 

the current investigations, a more benign generic ramp geometry was designed and studied (ramp 

2, see chapter 6). For the computations presented in this chapter (using ramp 1), a slip wall is 

assumed at the upper boundary. 

Two dominant structures, 2-D spanwise rollers and 3-D longitudinal vortices, were found to gov- 

ern the Stratford ramp flow. A prudent way to gain more understanding of these two underlying 

mechanisms is to study them independently from each other. The unsteady spanwise vortices are 

investigated in 2-D laminar, 2-D RANS and 2-D "FSM" computations. The steady 3-D structures 

are studied in 3-D RANS and 3-D FSM computations. 

5.1    2-D "laminar" computations 

To approximately "model" the effect of turbulence 

— = 100 (5.1) 

was used for the 2-D "laminar" computations. 
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5   Stratford Ramp Geometry 1 

5.1.1    Unforced case 

Figure 5.1: 2-D "laminar" computation. u)z isocontours (instan- 
taneous) (left) and u isocontours (time averaged) 
(right). 

0.06 

0.00 
0.000 0.005 0.010      0.015 

dim-less-freq 
0.020      0.025 

Figure 5.2: 2-D "laminar" computation. Frequency spectrum of 
u velocity oscillations of unforced calculation at dif- 
ferent downstream locations (L is the ramp length). 

Initially, calculations were performed without introducing any "controlled" disturbances. The re- 

sults form these computations show large spanwise "rollers" and a significant separation bubble 

(see Fig. 5.1) at the beginning of the concave part of the ramp. The w-velocity signal taken at 2 

downstream locations (see Fig. 5.2) exhibits a fairly broad spectrum. Small, high frequency vor- 

tices merge early on to form large, slowly rotating, low frequency vortices that cause the boundary 

layer to thicken considerably in the mean. 
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Figure 5.3: 2-D "laminar" computation. u)z isocontours (instan- 
taneous) (left) and u isocontours (time averaged) 
(right). 

5.1.2   Forced case 

By means of a blowing and suction slot upstream of the ramp, time periodic disturbances were 

introduced into the flow. The appearance of the spanwise "rollers" was significantly altered com- 

pared to the unforced case (see Fig. 5.3). Different forcing frequencies were investigated. The 

higher frequency range was most efficient in reducing the size of the separation bubble. This ex- 

change of momentum is the cause for the reduction in size of the separation bubble. The time 

averaged boundary layer for the forced case is considerably thinner than for the unforced case. 

Since the turbulent DNS shows similar spanwise rollers (see Fig. 2.8) it is very likely that the 

separation behavior of the turbulent Stratford ramp flow can also be modified by periodic spanwise 

blowing and suction. 

5.2   2-D steady RANS 

The results of a steady 2-D RANS simulation are presented in Fig. 5.4. In contrast to the experi- 

ments, a separation bubble can be observed in the concave section of the ramp. Due to the strong 

adverse pressure gradient, the boundary layer thickness is greatly increased. The maximum ratio 

of eddy viscosity to molecular viscosity is about 1500. A glance at the skin friction coefficient (see 

Fig. 5.8) reveals the exact size of the separation bubble. 
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Figure 5.4: 2-D steady RANS. M isocontours (left) and //r//' iso- 
contours (right). 

5.3   2-D "FSM" computations 

The experiments have revealed the presence of large scale coherent structures in the flow. The 

dynamics of these structures cannot be captured by steady RANS. Therefore, 2-D "FSM" calcula- 

tions were carried out The factor AT in the contribution function / (see eq. 4.12) was chosen to be 

13000. Due to the inherent three-dimensionality of turbulence, the 2-D "FSM" can only capture 

the effect of 2-D large-scale coherent structures. 

0.500 
10.357 

0.214 
0.071 
1-0.071 
-0.214 
-0.357 
-0.500 

Figure 5.5: 2-D "FSM" computation, N = 13000.  uz isocon- 
tours (left) and ßT/ß isocontours (right). 

An instantaneous view of the flow field (see Fig. 5.5) reveals the fairly large-scale turbulent struc- 

tures. These large "rollers" compare qualitatively to those observed in the "laminar" computations 

but are, in addition, accompanied by smaller counter-rotating vortices. The eddy viscosity obtained 

from the turbulence model can easily be associated with the structures visible in the flow as can be 

observed in Fig. 5.5. 

The contribution function / is also closely related to the turbulent structures (see Fig. 5.6). Its 
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Figure 5.6: 2-D "FSM" computation, N = 13000. / isocontours 
(left) and ///-/-//f isocontours (right). 

maximum values occur in the center of the spanwise "rollers". Since the contribution function 

is nowhere larger than « 7%, the effective eddy viscosity (the part that is fed back into the N-S 

equations) is considerably smaller than the value provided by the turbulence model. 

5.4   3-D steady RANS 

Figure 5.7: 3-D steady RANS. ux = 0.002 isosurfaces and u iso- 
contours. 

The effect of forced longitudinal vortices on the separation bubble was investigated by means of a 

steady 3-D RANS computation. Steady blowing and suction (with a specified spanwise distribu- 

tion) of the wall-normal (v) and spanwise (w) velocity components at a disturbance slot upstream 
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Figure 5.8: 3-D steady RANS. Skin friction coefficient. 2-D 
computation and 3-D computation with longitudinal 
vortex (spanwise average). 
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Figure 5.9: 3-D steady RANS. Slices at constant x = 150. Iso- 
contours of ux (left), w, and /ir/i" (right). 

of the ramp is used to introduce a steady longitudinal vortex (see Fig. 5.7). This vortex is first 

damped and then amplified in streamwise direction in the concave section. Since the effective 

curvature is small, the amplification is very weak. The influence of the longitudinal vortex on 

the separation bubble can be observed in the reattachment zone (see Fig. 5.8). The size of the 

separation bubble is slightly reduced. This computation shows that even a very weak longitudinal 
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vortex can have a considerable impact on the separation behavior. Cross-sectional views reveal the 

presence of the longitudinal vortex downstream of the reattachment zone (see Fig. 5.9). 
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 o.oi m 
  100 
 V(0ffl] 

'                -1 ' 1 

Figure 6.1: Defining parameters for ramp 2 (momentum thick- 
ness taken from RANS calculation). 

In contrast to the experiments, ramp 1 caused flow separation in our steady RANS computations. 

As discussed before, because the flow does not stay attached in the concave section, the effective 

curvature for the separated flow is smaller than for the attached flow. Thus, amplification rates for 

Görtier vortices are decreased. 

The following investigations are therefore carried out using a generic ramp (ramp 2) with stronger 

concave curvature and a smoother transition from the convex to the concave section (see Fig. 6.1). 

This ramp does not cause flow separation in our steady RANS computations. The upper wall 

boundary condition was changed from slip wall to freestream. 

The same procedures used to investigate ramp 1 was also applied to ramp 2. First, 2-D "laminar" 

(with a specified ratio of turbulent to molecular viscosity) and 2-D "FSM" computations were 

carried out for the purpose of studying the development of unsteady spanwise "rollers". Then, 
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steady longitudinal vortices were investigated in 3-D RANS computations. Finally, by using full 

3-D FSM, an attempt was made to understand the interaction of unsteady 2-D spanwise vortices 

and steady 3-D longitudinal vortices. 

6.1    2-D "laminar" computations 

The turbulent eddy viscosity is again assumed to be ßr/ß = 100 everywhere. This simple model 

may not yield the exact flow behavior but allows for computationally inexpensive studies of the 

dynamics of 2-D large structures. 

6.1.1    Unforced case 

Figure 6.2: 2-D "laminar" computation. uz isocontours (instan- 
taneous) (left) and u isocontours (time averaged) 
(right). 

First, an unforced calculation was performed. Fig. 6.3 shows the spectrum from this a calcula- 

tion for three different downstream locations. The spanwise vortices are very large, hinting at a 

considerably thickened boundary layer (in the mean) and a large separation bubble (see Fig. 6.2). 

6.1.2   Forced case 

For the purpose of reattaching the flow, a higher momentum exchange between the more energetic 

freestream and the retarded boundary layer is desirable. When a frequency peak of the natural 

case is forced, the control effort can be minimized due to the natural amplification mechanism. 
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Figure 6.3: 2-D "laminar" computation. Frequency spectrum of 
u velocity oscillations of unforced calculation at dif- 
ferent downstream locations (L is the ramp length). 
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Figure 6.4: 2-D "laminar" computation. uz isocontours (instan- 

taneous) (left) and u isocontours (time averaged) 
(right). 

The high-frequency peak of the frequency spectrum taken at 2/3 of the ramp length (this is at the 

beginning of the concave section) seems to work best at reducing the spatial extent of the separation 

bubble. The result of periodic blowing and suction with this frequency upstream of the convex part 

is shown in Fig. 6.4. 

6.2   2-D steady RANS 

In a 2-D RANS simulation, the maximum eddy viscosity ßr/ß is found to be « 400 (see Fig. 6.5). 

By design, the flow is attached. Due to the strong adverse pressure gradient, the boundary layer 

thickness grows rapidly. 
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Figure 6.5: 2-D steady RANS. u isocontours (left) and //T//i iso- 
contours (right). 

6.3   2-D "FSM" computations 

If the flow is simulated at the same Reynolds number as in the experiments, the flow is fully 

turbulent. With the current compressible code setup, a full 3-D DNS of this problem is not yet 

feasible. The same reasoning as before allows us to investigate the dynamics of 2-D large coherent 

structures using turbulent 2-D "FSM" simulations. We performed 2-D "FSM" for 3 different values 

for N (10000, 15000, and 20000) in the contribution function (eq. 4.12). 

For N = 10000 a large part of the turbulent motion is modeled. The dominating 2-D spanwise 

vortices are not yet fully resolved (see Fig. 6.6). In the time average, a large separation bubble 

can be noticed. The contribution function / is nowhere larger than 5%, the maximum of //JT/A* 
is 

about 800. 

For N = 15000, the contribution of the turbulence model becomes smaller. Unsteady structures 

become resolved. The large 2-D spanwise vortices are now clearly visible (see Fig. 6.7). They are 

accompanied by smaller counter-rotating vortices. The maxima of the contribution function can 

clearly be associated with the structures. The maximum value of the contribution function is about 

7%. The effective contribution of the turbulence model ffj^/fj. is about 400. The time averaged 

separation bubble size does not change noticeably compared to the N = 10000 case. This is due 

to the fact that increasing the value of N leads to a better spatial resolution of the large structures 

but does not change the time averaged flow characteristics. 

As N is increased to 20000, the trend continues.  Smaller higher-frequency vortices in the ap- 
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Figure 6.6: 2-D "FSM" computation, N = 10000. Top: uz iso- 
contours (left) and //T/M isocontours (right). Center: 
/ isocontours (left) and fßrlß isocontours (right). 
Bottom: u isocontours (time averaged). 

proaching boundary layer become resolved (see Fig. 6.8). Vortex merging becomes visible and 

more small-scale turbulent motion becomes visible in the vicinity of the large-scale structures. 

The contribution function is about 5%; the effective contribution of the turbulence model fßr/v is 

about 300. Again, the separation bubble size remains essentially unchanged. More and more of the 

spatial details of the flow appear while the time averaged flow remains unchanged. N cannot be 

increased much further since the 3-D part of the turbulence motion is neglected in this approach. 
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Figure 6.7: 2-D "FSM" computation, N = 15000. Top: UJZ iso- 
contours (left) and HT/H isocontours (right). Center: 
/ isocontours (left) and fur/n isocontours (right). 
Bottom: u isocontours (time averaged). 
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Figure 6.8: 2-D "FSM" computation, N = 20000. Top: uz iso- 
contours (left) and fJ-r/fJ- isocontours (right). Center: 
/ isocontours (left) and JUT/H isocontours (right). 
Bottom: u isocontours (time averaged). 
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6.4   3-D steady RANS 

The characteristics of the steady 3-D longitudinal vortices were studied in 3-D RANS simulations. 
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Figure 6.9: 3-D steady RANS. Lz = 10, \z = 20. v and w forc- 
ing. u)x = 0.003 isosurfaces and u isocontours. 
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Figure 6.10: 3-D steady RANS. Lz = 10, Xz = 20. v and w 
forcing. Slices at constant x = 150. Isocontours of 
ux (left), w, and u (right). 

First, a spanwise domain width Lz of 10 (non dimensional) was chosen. This corresponds ap- 

proximately to the largest boundary layer thickness of the 2-D RANS simulation. By prescribing 

non-zero values for v and w at the wall upstream of the ramp, a steady longitudinal vortex (with 

spanwise wavelength X~ of 20) was forced introduced (see Fig. 6.9). This vortex is amplified in the 
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concave section of the ramp. Cross-sectional views are given in Fig. 6.10. The distribution of the 

longitudinal vorticity uox as well as the distribution of the spanwise velocity w are in accordance 

with what is expected for Görtier vortices. The boundary layer is distorted by the longitudinal 

vortex (indicated by the streamwise velocity component u). 

,JK 

Figure 6.11: 3-D steady RANS. Lz = 10, Xz = 10. v and w 
forcing. UJX = -0.001,0.001 isosurfaces and u iso- 
contours. 
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Figure 6.12: 3-D steady RANS. Lz = 10, Xz = 10. v and w 
forcing. Slices at constant x = 150. Isocontours of 
ux (left), w, and u (right). 

Next, two vortices were generated in the same domain (spanwise domain width Lz of 10). There- 

fore the spanwise wavelength \z of the longitudinal structures was halved. The vortices still get 
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amplified in the concave section but the amplification is smaller (see Fig. 6.11). For cross-sectional 

views refer to Fig. 6.12. The boundary layer is still slightly distorted by the longitudinal vortices. 

X. 
/pi«..,. 

*J Hm 

Figure 6.13: 3-D steady RÄNS. Lz - 5, \z =■ 5. v and w forcing. 
w.r — -0.001,0.001 isosurfaccs and u isocontours. 
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Figure 6.14: 3-D steady RANS. L~ = 5, \z - 5. v and w forcing. 
Slices at constant x = 150. Isocontours of a;* (left), 
w, and v. (right). 

Nowr the spanwise wavelength was halved once again (by reducing the width of the spanwise 

domain to Lz to 5). The resulting spanwise wavelength \z is 5. The longitudinal vortices are 

only very slightly amplified (see Fig. 6,13) and are very weak at the x — 150 cross-section. The 

boundary layer appears almost undistorted (see Fig. 6.14). Further reduction of the spanwise 

wavelength yields a continuation of this trend. Eventually, the vortices will no longer be amplified 
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and die out shortly downstream of the forcing location. 

Figure 6.15: 3-D steady RANS. Ls = 10, A: = 20. w forcing. 
tox = 0.003 isosurfaces and u isocontours. 
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Figure 6.16: 3-D steady RANS. Lt = 10, A, = 20. w forcing. 
Slices at constant:/; = 150. Isocontours of u)x (left), 
w, and u (right). 

Next, the spanwise domain width Lz is reset to its original width of 10 and only one vortex is forced 

(the resulting spanwise wavelength Xz is 20). Only the spanwise (w) component is forced, Thereby 

reducing the effectiveness of the steady forcing. The resulting longitudinal vortex is weaker (see 

Fig. 6.15). This becomes apparent by examining the cross-sectional views (see Fig. 6.16) the 

distortion of the boundary layer. 

If the spanwise extent of the computational domain Lz is tripled (this corresponds to a spanwise 
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Figure 6.17: 3-D steady RANS. Lz = 30, Xz = 60. w forcing. 
(jjx = 0.00035 isosurfaces and u isocontours. 

Figure 6.18: 3-D steady RANS. Lz = 30, A- = 60. w forcing. 
Slices at constant x = 150. Isocontours of ux (left), 
w, and it (right). 

wavelength A;, of 60) the amplification of the longitudinal vortices is greatly reduced (see Fig. 

6.17). The cross-sectional views still show the characteristics Görtier vortices (see Fig. 6.18), but 

the vortex intensity is very low. 

If the spanwise domain width Lz is further increased doubled (set to 90; the wavelength of the 

longitudinal structures A. is now 180) the longitudinal vortex is damped (see Fig. 6.19). Cross- 

sectional views no longer show the Görtier vortex characteristics (see Fig. 6.20). The flow is stable 

with regard to longitudinal vortices of this wavelength. 
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Figure 6.19: 3-D steady RANS. Lz = 90, A, = 180. w forcing. 
ux = 0.000035 isosurfaces and IA isocontours. 

Figure 6.20: 3-D steady RANS. Lz = 90, Az = 180. w forcing. 
Slices at constant x = 150. Isocontours of u)x (left), 
u;, and u (right). 

This study of various spanwise wavelengths seems to suggest that vortices of wavelength 20 are 

most amplified. Longitudinal vortex structures can also be generated by a corrugated surface as 

displayed in Fig. 6.21. The maximum wall displacement in wall normal direction was chosen to 

be 10% of the domain width. A cylindrical shape was chosen for the geometry deformation in 

spanwise direction. The wall was formed such that 2 vortices of spanwise wavelength 10 can fit 

within one valley. 

Figure 6.22 shows the 3-D laminar and 3-D RANS test cases as well as the 3-D RANS computa- 
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Figure 6.21: 3-D steady RANS. Corrugated surface. Isocontours 
of u)x = 0.002 (green), w = -0.0005,0.0005 (red, 
blue), and u = 0.737 (cyan). 

Hall (1983) 
XJL:t,=6, laminar lest case 
XI/L,cl=3.4, turbulent test case 
X^I-,^5, generic ramp 

VL.a=10' g8n9"c ramP 
XyL,H=20 

X/L,=180 

Figure 6.22: Görtier stability diagram. 

tions of the generic ramp (ramp 2) in a Görtier stability diagram. The neutral curve of Hall [27] is 

included for reference. For the turbulence calculations, the viscosity is averaged as 

1     rö'M 

Ö99 JO 
(6.1) 

where 6<M is the local boundary layer thickness. The Görtier number is then computed from the 

averaged viscosity Ji. The laminar test case as well as the ramp computations with wavelengths of 

10, 20, and 60 are located within the unstable region (which is above Hall's neutral curve). The 

turbulent test case and the ramp calculations with spanwise wavelengths of 5 and 180 only barely 

touch the unstable region. Of the various wavelengths chosen in the ramp calculations, wavelength 
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20 yields the G(k) distribution with most points within the unstable region. This is consistent 

with the observations made earlier. The longitudinal vortices are most amplified for the case with 

^■z/Lref = 20. 

One last remark is in order. The velocity profile in the convex section of the ramp develops a 

weak outer shear layer, therefore resembling, to some degree, the velocity profile of a wall jet. The 

Görtier instability mechanism may, as a result, also act in this section of the ramp. It should be 

noted that a slight amplification of longitudinal vortices in the convex section of the ramp was be 

observed for most of the cases investigated and discussed in this chapter. 
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6.5   3-D FSM computations 

Finally, 3-D full FSM computations (N = 20000, see eq. 4.12) were carried out. The results 

presented in the following sections are strictly preliminary and are based on simulations that are 

still in progress. Both forced and unforced cases are being investigated for the purpose of testing 

our FSM. 

6.5.1    Unforced case 

Figure 6.23: 3-D FSM computation. Instantaneous data. Left: 
Isosurfaces of wz = -0.1,0.1 (red, blue), and iso- 
contours of fir/fj,. Right: Isosurfaces of ux = 
-0.02,0.02 (red, blue), and isocontours of u>~. 

Instantaneous plots of the spanwise vorticity component for the unforced case are shown in Fig. 

6.23. Large spanwise structures can be observed. This is consistent with the results obtained from 

the DNS computations. 

Fig. 6.24 shows instantaneous contours of the spanwise velocity component. The apparent three- 

dimensionality of w clearly indicates the presence of longitudinal structures. 

Time-averaged data of the flow field is presented in fig. 6.25. It should be noted that this average 

was obtained using only a very limited amount of data and can therefore not yet be considered a 
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Figure 6.24: 3-D FSM computation. Instantaneous data. Isosur- 
faces of w - -0.02,0.02 (red, blue), and isocon- 
tours of u. 

Y 

Figure 6.25: 3-D FSM computation. Time averaged data. Left: 
Isosurfaces of ux = -0.005,0.005 (red, blue), and 
isocontours of UJZ. Right: Isosurfaces of w = 
-0.005,0.005 (red, blue), and isocontours of u. 

true representation of the flow's mean characteristics. The averaged data does, however, clearly 

indicate the presence of two distinct longitudinal vortex structures, one close to the wall and the 

other in the outer region of the boundary layer. 
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Figure 6.26: 3-D FSM computation. Slices at constant z = 0. 
Top: uz isocontours and //-/-/// isocontours. Center: 
/ isocontours and ./>/</// isocontours. Bottom: u 
isocontours (time-averaged). 

Slices of constant z = 0 are given in fig. 6.26. A clear resemblance to the results from the 2- 

D "FSM" can be detected. The important difference between the 2-D and 3-D results can be 

observed in the appearance of small-scale structures in the isocontours of uz. The plot of the 

streamwise velocity component u shows regions of reverse flow. This is believed to be an artifact 

of the insufficient data available for the averaging. The contribution function shows maxima of 

about 7%, yielding an effective maximum eddy viscosity of about 400. The contribution of the 

turbulence model is clearly linked to the presence of the structures. 

Instantaneous cross-sectional views at x = 150 are shown in Fig. 6.27. The boundary layer is 

strongly distorted in the spanwise direction, hinting, once again, at the presence of longitudinal 

vortices. Since this is an unforced calculation, these structures must necessarily appear naturally. 
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Figure 6.27: 3-D FSM computation. Slices at constant x 
Isocontours of u, w, f, and fßr/ß- 

150. 

6.5.2   Forced case 

Figure 6.28: 3-D FSM computation. Instantaneous data. Left: 
Isosurfaces of uz = -0.05,0.05 (red, blue), and 
isocontours of ßr/fJ- Right: Isosurfaces of ux = 
-0.02,0.02 (red, blue), and isocontours of coz. 
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Y 

7"^ ^»V 

Figure 6.29: 3-D FSM computation. Instantaneous data. Isosur- 
faces of w = -0.02,0.02 (red, blue), and isocon- 
tours of u. 

In addition to the unforced simulation, a second case is being investigated. Longitudinal vortices 

are introduced upstream of the ramp by steady forcing of the spanwise velocity component w. 

Instantaneous pictures of the spanwise and longitudinal vorticity components are presented in fig. 

6.28. The spanwise velocity component is shown in fig. 6.29. These results appear similar to those 

of the unforced case. 

Time-averaged results are presented in fig. 6.30, fig. 6.31 and fig. 6.32. The amount of data used 

for the averaging was once again limited. Nevertheless, the results suggest the fact that the flow 

can support and sustain longitudinal structures. 

At this point, no attempt is made to draw more definite conclusions from the 3-D FSM simulations. 

The results presented in this section serve the purpose demonstrating to us the functionality and 

performance of the FSM. 
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Figure 6.30: 3-D FSM computation. Time averaged data. Left: 
Isosurfaces of ux = -0.005,0.005 (red, blue), and 
isocontours of u)~. Right: Isosurfaces of w — 
-0.005,0.005 (red, blue), and isocontours of u. 
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Figure 6.31: 3-D FSM computation. Slices at constant z = 0. 
Top: LOZ isocontours and ßr/ß isocontours. Center: 
/ isocontours and fßr/ß isocontours. Bottom: u 
isocontours (time averaged). 
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Figure 6.32: 3-D FSM computation. Slices at constant x = 150. 
Isocontours of u (left), w, f, and fur/ß (right). 
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7 Summary 

Comprehensive numerical investigations were carried out for the purpose of advancing our under- 

standing of the role of longitudinal vortices in turbulent boundary layers with wall curvature and 

adverse pressure gradient. 

The Stratford ramp geometry, in particular, was studied using DNS, RANS, URANS and FSM. 

Results obtained from the DNS simulation were scrutinized by means of POD, yielding clear 

indications for the presence of both two-dimensional structures and three-dimensional longitudinal 

vortices. In an effort to better understand the complicated dynamics involved, a decision was made 

to study the underlying phenomena independently. Various numerical tools were developed and 

applied in order to allow for separate investigations of the two-dimensional and three-dimensional 

structures, respectively. 

A temporal code in cylindrical coordinates was created and utilized for investigations of the Görtier 

instability mechanism. In addition, a new compressible code in generalized curvilinear coordinates 

and including an implementation of our FSM was developed. All simulations involving turbulence 

modeling were carried out using this new code at low Mach number. The FSM was shown to work 

as expected in fully three-dimensional computations. 

The results presented in this report provide strong evidence that dominant coherent structures, 

both two-dimensional and three-dimensional, are present a Stratford ramp flow. Considerable 

progress was made in our understanding of the role that these structures play in flows at the verge 

of separation. Nevertheless, additional research is required before indisputable evidence for their 

existence and their influence on the flow can be obtained and the physical mechanisms of their 
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interactions with each other can be understood. 
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