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ABSTRACT 

Numerical experiments are conducted to simulate airfoils pitching up at constant 

rates into the dynamic stall regime using the Beam and Warming algorithm for 

compressible Navier-Stokes equations. The Bladwin and Lomax algebraic turbulence 

model is used to mimic turbulent flow downstream of a point designated as the transition 

location. The investigation focuses on the leading edge, where, as experimental results 

indicate, a recirculating bubble is often present. 

It is found that the transition location has a dominating effect on the development 

of the flow and the evolution of the recirculation bubble which, in most cases, is the 

mechanism leading to the onset of separation and dynamic stall. 

In cases where the appearance of the bubble is prevented by some particular 

choices of the transition location, a supersonic region emerges, and numerical instability 

originated from there halts the simulations. 



CHAPTER 1 

INTRODUCTION 

14 

Dynamic stall is the delay of stall onset beyond the static angle of an airfoil in 

unsteady motion. This complex unsteady flow process, which was experimentally 

investigated extensively as early as the beginning of the 1960's, continues to be the 

subject of quantification because of its importance in the aerodynamics of retreating blades 

of helicopter rotors as well as aerodynamic surfaces of highly agile aircraft in extreme 

maneuvers. In forward flight, at least a portion of the retreating blade of a helicopter rotor 

may enter the dynamic stall regime when the local angle of attack, a, exceeds the static 

stall angle (see Fig. 1.1). This phenomenon limits the speed and agility of the helicopter. 

Recent fighter aircraft development is marked by the appearance of some 

supermaneuvers, e.g., the Pougachev's Cobra and the Herbst'S maneuver, which can 

only be executed by advanced fighters capable of rotational rates that would put the main 

surfaces into the dynamic stall regime. For such maneuvers, either the control surfaces 

are capable of even higher rates of movement to provide continuous lift, or an alternate 

method of providing aerodynamic control forces is available. Almost all current highly 

maneuverable vehicles resort to engine thrust vectoring for the control forces and accept 

the penalty in weight and structural complexity. Therefore, applications await the 

understanding, predicting and tuning of the dynamic stall process. 

1.1 Previous Experimental Investigations 

Carr (1988) gave a comprehensive review of the research in dynamic stall up to 

the mid 1980's. Most investigations were experiment-based, as numerical simulations of 

the process were not feasible until the late 1970's, and then the early results were not 



Figure 1.1 Typical local angle of attack, a, Distribution of Rotor Blade at 140 knots 
with Rotor Advance Ratio=O.33 (Ham and Garelick 1968). 
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quantitatively comparable. Most experimental investigations were on airfoils in 

oscillatory pitching motion which is akin to what a helicopter blade experiences 

(McCroskey and Fisher 1972, Martin et al. 1974, Carr et al. 1977, Lorber and Carta 

1987). Others were based on airfoils in constant rate pitching, a simpler situation with 

fewer parameters lending to easier analysis(Ham and Garelick 1968, Johnson and Ham 

1972, Walker et al. 1985, Jumper et aI. 1986, Lorber and Carta 1987). However, due to 

the state of technology, earlier work yielded plenty of data on integrated forces from 

surface pressure profiles of rather low resolution and some infonnation on the boundary 

layer condition from hot-wire anemometry and other surface techniques, but little 

information about the flow around the airfoil, other than from flow visualization. Carr et 

al. (1991), using point diffraction interferometry and digital image processing for 

enhancement, gave fine density contours of the flow around the airfoil with enough 

resolution of the details in the first 5% chord. For the inviscid flow outside the boundary 

layer, the density contours can be easily translated into Mach or pressure contours. Also, 

using laser Doppler velocimetery, Chandrasekhara and Ahmed (1991) provided the 

velocity field around the leading edge of an oscillating airfoil. Thus, much advances in 

experimental methods have been made in resolving the underlying details for a better 

understanding of the process. 

1.2 Issues related to Dynamic Stall 

Just as there are several types of static stall, there may be many different 

mechanisms leading to the onset of separation in dynamic stall, even though eventually 

the characteristic event of the vortex shedding from the leading edge is similar for all. 

Fig. 1.2 shows a representative sequence of events of dynamic stall, taken from 

Carr (1988). In order to better understand the process, in addition to the macroscopic 
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Figure 1.2 Events of Dynamic Stall (Carr 1988). 
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phenomena, it is necessary to look into the microscopic development of the boundary 

layer and its interaction with the inviscid flow outside at the leading edge where the vortex 

shedding occurs. The whole development probably takes place within the frrst 5% chord, 

where the typical boundary thickness may be of the order of 0.05% to 0.5% chord. 

In most early investigations of dynamic stall the presence of a laminar separation 

bubble was not detected. Very early in this field of research, there were already 

speculations on the role the laminar separation bubble plays in process. However, with 

improved resolution techniques, later dynamic stall results showed the laminar bubble 

either indiscernible (Martin et al. 1974) or thought to have been eliminated (Carr et 

al. 1977) by boundary layer tripping at the leading edge. McCroskey et al. (1976) 

obtained results which indicated that abrupt flow reversal downstream preceded the 

development of the upstream separation vortex, which led them to conclude that, for most 

cases they observed, bubble bursting was not the onset mechanism. Only until the recent 

high resolution quantification experiments of Carr el al. (1991) was the presence of a 

laminar separation bubble preceding dynamic stall confrrmed. A consistent pattern of 

opening of the laminar separation bubble at the beginning of the dynamic stall leads 

directly to the suggestion that the process in that case is either caused by a breakdown of 

the laminar separation bubble, or by events occurring within the bubble which have yet to 

be documented. That re-emphasizes that dynamic stall can be caused by a wide range of 

fluid physics while resulting in very similar global flow behavior. In other words, the 

macroscopic development is insufficient to show the differences of the mechanisms and 

the unsteady effect on them, and resolution at the fmer levels is required. 

Plausible unsteady flow concepts have been proposed to explain the dynamic 

stall delay and predict the separated flow effect (Ericsson and Reding 1988); e.g., the so-
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called moving wall effect is thought to improve the boundary layer, making the velocity 

profile fuller and more difficult to separate by the upward motion of the leading edge. 

According to predictions (Ericsson and Reding 1988), the static angle angle can be 

exceeded by several degrees because of this effect alone. However, since no experiment 

can yet provide boundary velocity profiles at the very leading edge, the validity of the 

concept is still debatable. 

Another boundary layer improvement, the so-called accelerated flow effect 

(Ericsson and Reding 1988), is more readily verifiable. The origin of the effect, the 

milder adverse pressure gradient in the unsteady case, can actually be seen in the 

experimental result of Carr et al. (1991 Fig.17). 

A third effect related to the boundary layer is the moving separation point effect 

(Ericsson and Reding 1988). This is the application of the unsteady boundary-layer 

separation concept of Sears and Telionis (1971) to estimate the delay in separation. 

Verifying this effect in physical experiments is difficult because of the uncertainty in the 

location as well as the speed of the moving separation point. Didden and Ho (1985) 

located the unsteady separation point in their impinging jet experiment, but a comparable 

feat will be hard to duplicate in dynamic stall situations. Van Dommelen and Shen (1980) 

computed unsteady separation in a laminar boundary layer using the Lagrangian 

description of the flow. The Lagrangian description pinpoints the occurrence of a 

separation point with a singularity, so subsequent tracking of its motion is not provided. 

Compressibility can have a dramatic effect on the dynamic stall process. It 

invalidates the incompressible unsteady aerodynamics used in deriving the boundary

layer-based effects above. The effect of compressibility is detrimental, and reverse that of 

the unsteady effect. Fung and Carr (1991) suggested that shock-induced separation is a 
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mechanism responsible for the onset of separation for supercritical flow. In experiments, 

the existence of supersonic region is usually inferred from surface pressure 

measurements. However, time ensemble averaged density contours obtained by 

interferometry (Carr et al. 1991) show no supersonic region, contradicting previous 

pressure data, unless the supercritical flow is constrained to a very thin region near the 

surface. This points to the difficulty in resolving this region, which, as suggested in 

some numerical simulations, may not even be stable in the dynamic stall situations. 

Finally, an issue which is important in static stall but over shadowed by other 

issues in dynamic stall is the location of the transition. Currier and Fung (1992) 

demonstrated with numerical computations the large effect of transition location on the 

flow solution. However, in physical experiments, setting the transition location is less 

precise and the switch to turbulent flow is less abrupt than in numerical simulations. 

Actual transition is either due to natural development in the flow or boundary layer 

tripping. There is no control in the former and many uncertainties in the latter. Different 

boundary tripping methods may provide different solutions. There is always a transition 

region, which is necessary influenced by the details in the tripping technique. Tripping 

also disturbs the flow measurement immediately downstream so that, for example, a hot 

wire surface probe cannot be expected to a provide reliable signal. These measurements 

are difficult enough for static stall experiments. For dynamic stall, since the unsteady 

effect and compressibility can further influence the flow by affecting transition, the 

problem should be even larger. Since there is no really satisfactory way to address it, 

natural transition is usually permitted and some information about it is recorded. Tripping 

at the leading edge is also often used, but immediate transition to turbulent flow is merely 

assumed and not guaranteed. Thus, the issue merits more attention in the development of 

flow concepts to explain the phenomena of dynamic stall. 
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1.3 Numerical Experiments 

Although experimental methods have made huge progress in approaching the 

fme resolution needed for a better understanding of the phenomena, as well as providing 

quantitative flow filed measurement at discrete locations, numerical simulations have 

potentially higher spatial resolution and defmitely much better temporal resolution. They 

can provide all the flow properties for easy analysis at much lower cost, and the test 

conditions can be effectively controlled to achieve high repeatability. However, close 

approximation to real flow physics is hampered by the large amount of computer 

resources required and by the difficulty in modeling many flow phenomena which are 

manifestations of physics on a scale approaching the molecular level. In other words, 

numerical simulations have very low resolutions in reproducing those fine flow 

phenomena such as transition, turbulence and high frequency acoustic signal propagation. 

In contrast, physical experiments have extremely high resolution in reproducing those 

phenomena but quite low resolution in their control and monitoring. Thus, numerical 

simulations is an important complement to physical experiments if they can reproduce the 

essential physics observed. 

Early simulations, such as those of Mehta (1977), were based on the 

incompressible Navier-Stokes equations in vorticity-stream function formulation for low 

Reynolds number flow. Despite the reported numerical difficulties with oscillations in the 

vorticity field, erroneous vorticity at the leading edge, and separation bubble at a = 0 for 

steady-state flow, a qualitative comparison with water tunnels experiment was achieved, 

as well as a demonstration of the development involving the leading edge bubble. 



22 

Realistic airfoil dynamic stall simulations require the solution of the compressible 

Navier-Stokes equations. Steger (1978) reported his implementation of the implicit 

approximate factorization algorithm of Beam and Warning (1978) for the compressible 

Navier-Stokes equations which he used for unsteady as well as steady computations. 

Most dynamic stall simulations known to the author were done with codes similar to that 

algorithm or to the closely related Briley and McDonald ADI scheme (1973). A major 

reason being that, for simulations involving long temporal integration and small grid 

spacing to resolve rapidly developing high Reynolds number flow, the size of the time 

step allowed for explicit methods is often too costly. Sankar and Tassa (1980) used a 

modified form of the Beam and Warming algorithm to simulate dynamic stall of an 

oscillating airfoil with laminar flow, and produced lift stall as well as vortex shedding. 

Shamroth and Gibeling introduced turbulence into a similar code, testing both a mixing 

length algebraic model and a k-E model. Similarly, Tassa and Sankar (1981) simulated 

turbulent flow in dynamic stall with their code. However, Shida et al. (1987) considered 

the mesh size used in Tassa and Sankar's simulations too coarse to analyze the physics of 

dynamic stall and used grids of 0.00001 chord minimum spacing for their own 

simulations. Shida also used the Beam-Warming-Steger algorithm but without any 

turbulence modeling, i.e., for laminar flow only. From similar simulations by Dno 

(1985), they concluded that implicit second-order artificial dissipation was excessive and 

chose instead the implicit fourth-order dissipation, which entailed the use of the more 

expensive block pentadiagonal scheme. Qualitatively, their results resemble those of 

experiments by McCroskey and Pucci (1981), but their simulations, when the number of 

gridlines is doubled, showed that the finer mesh produced much worse force and moment 

results. Visbal (1986, 1990) also used a similar approach and the algebraic eddy 

viscosity model of Baldwin and Lomax (1978) to investigate the effects of some of the 
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many, often interacting, factors on the whole dynamic stall process. In the simulations of 

constant-rate pitching airfoils, he compared different pitch rates, pitch-axis location and 

Mach numbers. However, for the lowest pitch rate (k=0.02) used, the computed results 

did not display the observed dynamic stall features but more resemble that of static stall. 

The reduced frequency of k=0.02 actually represents the high end of practical situations. 

For example, Lorber and Carta (1987) cited W. B. Herbst for giving k=0.0088 in a 

'minimum time' maneuver. In physical experiments, e.g., Lorber and Carta (1987), 

Francis and Keesee (1985), a typical sequence of events of dynamic stall occurs at a 

reduced frequency as low as k=0.002. There were other simulations using the same 

approach which achieved similar qualitative resemblance to the process. However, since 

the whole process of dynamic stall resulting in massive separation can be caused by a 

wide range of fluid physics, not all of which are necessarily documented or easily 

simulated, quantitative results from numerical simulations accurate enough for use in 

design and prediction may have to wait for further advances in computer hardware and 

software, including better algorithms. 

The time accuracy of the dynamic stall simulations reviewed above is not 

generally validated in the usual ways for unsteady compressible flow computations, i.e., 

comparison of the harmonic responses of the forces, moments or surface pressure 

distributions to small amplitude oscillation in pitch. The phase difference of the computed 

responses from experimental results would give an indication of the time accuracy. Since 

most of the simulations use explicit boundary conditions, such comparison is deemed 

appropriate when unsteady motion is the essence in dynamic stall. Isogai (1991) did such 

validations by comparing the computed pressure distributions with the experimental 

results of Davis and Malcolm (1980). 
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Isogai (1991) further evaluated the capability of his code for simulating large 

scale separated flow and observed that the qualitative behavior of the experimental 

pitching moment is well reproduced by the calculation. However, he acknowledged the 

quantitative discrepancy, since the. Baldwin and Lomax (1978) turbulence model 

employed in his code is not designed for massive separation. 

The issue of setting the transition location for the turbulence model is not 

considered important in all of the dynamic stall simulations known to the author. It is 

either not addressed or considered to have little effect on the dynamic stall characteristics. 

Visbal (1990) justified the assumption by saying that the experiments of Lorber and Carta 

(1987) and of McCroskey et al. indicate that, for sufficiently high Reynolds number, the 

stall process is associated with turbulent boundary layer separation rather than with the 

bursting of the leading edge laminar separation bubble. The experiments of Lorber and 

Carta do not seem to give substantiation of the assertion, while the conclusion of the 

experiments of McCroskey et al. should be accepted in a more limited regime in view of 

newer experimental results. For example, Carr et al. (1991) confirmed the presence of a 

laminar bubble at a Reynold's number of 600,000, which is above that used in the 

numerical simulations of Visbal. However, Visbal also noted that Ericsson (1988) 

stressed the importance of the effect of transition on unsteady flow. In this author's view, 

to match numerical simulations with experiments, the issue of transition should be 

properly address in both. Presently that is not done yet 

There exist other approaches which are more focused on the separation 

processes. For example, the interactive boundary layer method of Cebeci and Jang 

(1990) for unsteady airfoil flow puts emphasis on a model problem corresponding to the 
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leading edge boundary layer separation of a thin airfoil in motion. However, the model is 

only for l&minar flow with interactions in a quasi-steady manner. 

1.4 Explanation of Present Approach 

The present approach is to make use of the high temporal resolution and ease of 

flow monitoring afforded by numerical simulation to focus on the development at the 

leading edge. Since there seems to be many uncertainties in numerical simulations of 

flow after massive separation, the main objective here is to investigate the flow 

development up to the onset of separation, when the numerical model may still be 

approximating the fluid physics with accuracy. Therefore, no attempt is made to simulate 

the whole dynamic stall process or obtain force and moment values when vortices are 

being shed. Instead, the near-surface development, especially for the region around the 

leading edge, is closely observed. The microscopic level, the scale of flow within the 

first 5% chord, is of interest here, rather than the better known and documented global 

development. 

The well-validated Beam and Warming algorithm is chosen, for the computation 

efficiency afforded by the implicit method, and its implementation follows closely the 

ARC2D code of Pulliam (1984), with thin-layer approximation as well as the Baldwin 

and Lomax (1978) turbulence model inherited directly from that code. From the wealth of 

experiences gained from a wide range of applications, those models are expected to be 

reasonable approximations even in mildly separated flow and before massive separation. 

Time accuracy is an important concern, so second order time differencing is stipulated. A 

simple type of artificial dissipation, i.e. constant coefficient fourth order explicit terms 

matched with second order implicit terms, is chosen because of the desire to avoid 

excessive dissipation near the surface as well as the expansive block pentadiagonal 
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scheme required by more sophisticated damping. A TVD type damping was examined 

but found to have excessive damping at the leading edge even for steady flows. 

However, the penalty is that adding a constant coefficient fourth order explicit dissipation 

can produce some problems which are only evident on refined meshes. For example, 

wild oscillations of pressure may appear around shocks (Pulliam 1984), and in this 

work, similar oscillations appear at the surface when very fine clustering is used for 

resolving the viscous layer causing numerical difficulties and some loss in resolution of 

the simulations. 
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CHAPTER 2 

CODE DESCRIPTION 

The code used here is based on the implicit approximate factorization algorithm 

of Beam and Warming (1978) and the implementation for two dimensional unsteady flow 

of Steger (1978). Further developments by the author follows those of Pulliam (1984) 

and Goble (1988). 

2.1 Navier-Stokes Equations 

The equations in non dimensional form are 

where 

p pu 

Q= 
pu 

E= 
pu2 +p 

pv puv 

e u(e+ p) 

with 

'txx =Jl(4ux- 2vy)/3 

'txy = Jl(Uy +vx) 

'tyy = Jl( -2ux + 4vy) 13 

pv 

F= 
puv 

pv2 +p 
v(e+ p) 

14 = u'txx + V'txy + J.lP-l(y -lf1axa2 

84 = u'txy + v'tyy + JlP-l(y -lf1aya2 

E = v 

0 

'txx 
'txy 

14 

(2.1) 

(2.2) 

(2.3) 
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Pressure is related to the conservative flow variables by the equation of state 

(2.4) 

where 'Y is the ratio of specific heats, generally taken as 1.4. The speed of sound, a, for 

ideal fluids is defmed by the equation a2 = 'YP I p. The dynamic viscosity, /.1, is typically 

made up of a computed turbulent eddy viscosity and a variable laminar viscosity 
• 

according to Sutherland's law. Also, Stokes' hypothesis has been assumed in the above. 

Re is the Reynolds number. Pr is the Prandtl number. 

To obtain the non dimensional equations above, the variables have been 

nondimensionalized by the free stream values as follows 

p="£'" 
Poo (2.5) 

where 00 refers to freestream conditions and tilde marks dimensioned variables. The 

reference length used here is the chord of the airfoil, and, as from above, velocities have 

been scaled by the freestream sound speed. Inside the code, the unit of time is in number 

of chords traveled at the freestream sound speed, but it is always converted to the one 

based on freestream velocity in the output. So, only the time step size will be expressed 

by the former unit. All other values related to time are expressed in number of chords 

traveled by freestream. The viscosity is scaled as 

(2.6) 

and the freestream viscosity is based on the freestream temperature being at 0° C. Note 

that the Reynolds number is scaled as 
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(2.7) 

and differs from the traditional Reynolds number, which is defined with the free stream 

velocity. The code takes from the input the traditional Reynolds number and divides it 

with the Mach number, Moo = uoolaoo. When the Reynolds number approaches 00, the 

right hand side of Eqs. (2.1) goes to zero and the Euler's equations are recovered. 

2.2 Generalized Curvilinear Coordinate Transformations 

The Navier-Stokes equations in nondimensional form are now transformed 

from Cartesian coordinates to a general curvilinear coordinate system so that a body fitting 

grid can be wrapped around the airfoil and the solid surface boundary coincides with the 

first grid line of one of the transformed coordinates. Also, points can be clustered near 

solid surface using the transformation. Following the development of Vivand (1974) and 

Vinokur (1974), the transformation is written as 

't=t 

;= ;(x,y) 

11 = 11(x,y) (2.8) 

Applying chain rule expansion to the Cartesian derivatives of Eqs. (2.1) and observing 

the invariants of the transformation(Pulliam 1984), the transformed equations can be 

written as 

(2.9) 

where 
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p pU pV 

Q=J-1 pu £=J-1 puU+;xP F=J-1 puV+11xP 
pv pvU+;yP pvV+11yP 
e U(e+ p)-;tP V(e + p)- 11tP 

(2.10) 

with 

(2.11) 

Here U and V are the contravariant velocities perpendicular to the ; and 11 coordinate lines 

respectively and J is the Jacobian of the transfonuation. The viscous flux tenus are 

E = J-1(; E +; F) v x v y v F = J-1 (11 E + 11 F) v x v y v 

with the transfonued stress tenus 

'txx = ~[ 4( ;xu; +11xU11)-2( ;yv; +11yv11)] 

'txy = Jl( ;yU; +11yu11 +;xv; + 11xv11) 

'tyy = ~[ -2( ;xu; +11xU11)+4( ;yv; +11yv11)] 

14 = U't xx + V't xy + JlPr-1(y -lr1( ;xa;a2 + 11xa11a2) 

g4 = U'txy + v'tyy + JlPr-1(y _1)-1( ;ya;a2 +11ya11a2) 

obtained by applying the chain rule to the Cartesian derivatives inside. 

(2.12) 

(2.13) 

For convenience, the carats used here to mark the values scaled by the metric 

Jacobian are henceforth dropped. 
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2.3 Thin Layer Approximation 

In high Reynolds number flows, the effects of viscosity are important only near 

wall boundaries and in wake regions. With clustering of the grid lines, the spacing can be 

made fine enough to resolve the viscous derivatives in the direction normal to the wall. 

However, the viscous terms along the body cannot be resolved due to the coarseness of 

the grid in that direction. Since the terms are negligible in most cases of attached and 

mildly separated flows anyway, they are neglected in the thin layer approximation. The 

justification for using the thin layer approximation in the present computation will be 

discussed in the next chapter. 

Applying the thin layer approximation to a general curvilinear coordinate system 

in which the first constant 11 line coincides with the body results in these thin layer 

Navier-Stokes equations 

with the viscous flux terms being 

and 

o 
l1x~ +l1y~ 

l1x~ + l1y"'3 

l1x(U~ +vm2 +m4)+l1y{um2 +vm3 +m5) 

(2.14) 

(2.15) 
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m. = ~ (4" U - 2" v ) 
1 3\ X" y" 

"7. = ~("yU" +"XV,,) 
m. = ~(-2" U +4" v ) 

1 3 X" y" 
m4 = ~pr-1('Y -1r1");)"a2 

mS = ~pr-1('Y-1r1"ya"a2 (2.16) 

The equations are obtained from the elimination of all viscous terms containing ~ direction 

derivatives. Their validity can break down for low Reynolds number flow and for flow 

with massive separation regions. 

2.4 Numerical Method 

The implicit approximate factorization algorithm of Beam and Warming (1976) 

in time accurate form is used. In the delta formulation ofWanning and Beam (1978), the 

finite difference scheme for the thin layer Navier-Stokes equations can be represented as 

(2.17) 

where h is the time step, and 9 and $ are parameters chosen to produce different time 

differencing approximations 

9=1 $=0 1st order Euler implicit 
1 

$=0 2nd order trapezoidal formula 9=-
2 

9 = 1 
1 

2nd order three - point backward $=- (2.18) 
2 
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The central difference operator for space, 0, is defmed as 

(2.19) 

while the forward difference for time, d, is defmed as 

(2.20) 

I is the identity matrix while An and Bn are the inviscid flux Jacobian matrices found by 

linearizing the flux vectors En+ 1 and pn+ 1 in time such that 

(2.21) 

where 

(2.22) 

The viscous flux Jacobian matrix, M, similarly comes from the time linearization of the 

viscous vector S such that 

(2.23) 

where 

(2.24) 

The entries for these Jacobian matrices are documented in Pulliam (1984). 

As pointed out by Warming and Beam (1978, pp. 117), for the computation 

using a dynamical mesh which rotates with the airfoil body, the metrics in An, Bn and Mn 

should be evaluated at time level n+l, although the flow variables are that of time level n. 
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For the right hand side explicit terms, Fn, an and Sn, the metrics should be evaluated at 

the proper n+9 level. For example, 

(2.25) 

The scheme for Eqs. (2.17) is then implemented as two block tridiagonal 

system inversion steps by the sequence 

(/+~O Bn -~Re-lo J-1Mn)IlQ* 
1+q, 11 1+q, 11 

= __ h_(o En +0 Fn -Re-10 sn)+~IlQn-l 
1+q, S 11 11 1+q, 

( I +~O An)IlQn = IlQ* 
1+q, S 

Qn+l = Qn +IlQ 

2.5 Artificial Dissipation 

(2.26) 

To maintain stability over the large number of iterations needed for time accurate 

calculation, the growth of errors must be prevented by damping. Such artificial 

dissipation are either inherent in the numerical scheme, e.g., using the three-point 

backward differencing provides damping for waves of all frequencies except the highest 

and lowest, or added purposely as extra terms that are of the same order as the truncation 

errors of the scheme so as not to interfere with its accuracy. 

The constant coefficient implicit and explicit dissipation is used here. The 

procedure is to add to the right hand side of the respective step of Eqs. (2.26) explicit 

fourth order artificial dissipation of the form 
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-eehr ,[( V ~Ad ]JQn 

-eehJ- 1 [( V lldll )2 ]JQn (2.27) 

and, to the respective block tridiagonal operators in Eqs. (2.18), implicit second order 

smoothing of the form 

-eihJ-IV~d~J 

-eihJ- 1V lld llJ (2.28) 

The coefficients of the artificial dissipation are 0(1), with Ei »Be for unconditional linear 

stability (Pulliam 1984). A disadvantage of using constant coefficients is that they have to 

be adjusted according to the situation by trail and error. However, once certain ranges of 

values are found to work, because of the similarity of the cases computed, they can be 

kept fixed. 

2.6 Turbulence Modelling 

Following Baldwin and Lomax (1978), the effect of turbulence is modeled by 

an eddy viscosity, which is to be added to the molecular viscosity and computed by an 

algebraic mixing length model. The boundary layer is modeled as two layers: the inner 

layer is governed by the Prandtl mixing length with Van Driest damping, and the outer 

layer follows the Clauser approximation. Computed vorticity is used in defining the 

reference mixing length required for the outer layer. The model, designed for use with 

the thin layer approximation, is most appropriate for attached and mildly separated 

boundary layers but does not model the wake region or massively separated flows. 
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In Eqs. (2.1), the molecular coefficient of viscosity J.L is replaced by J.L+J.Lh 

where J.Lt is the eddy viscosity coefficient. The two~layer algebraic eddy viscosity model 

for J.Lt is 

Y ~ Ycrossover 
Y < Ycrossover 

(2.29) 

where Y is the nonnal distance from the wall and Ycrossover is the smallest value of at 

which values from the inner and outer fonnulas are equal. The Prandtl-Van Driest 

fonnulation is used in the inner region 

(2.30) 

where the mixing length is 

(2.31) 

and the magnitude of the vorticity is 

1001= (au _ av)2 +(av _ aw)2 +(av _ aw)2 
ay ax ay az ay az (2.32) 

and 

y+ = PwUrY -VPw'twY 
J.Lw J.Lw 

(2.33) 

In Clauser fonnulation for the outer region, 

(J.Lt)outer = KCcppFwAKEIhEB{Y) (2.34) 

where K is the Clauser constant, Ccp is an additional constant, and 
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( 
C U

2 
) Fw AKE = min YMAX~AX' WK~~ DIF (2.35) 

The quantities >'MAX and ~AX are detennined from the function 

(2.36) 

The quantity ~AX is the maximum value of F(y) that occurs in a profile, and YMAX is 

the value of Y at which it occurs. The function ~EB (y) is the Klebanoff intennittency 

factor given by 

(2.37) 

The quantity UDIF is the difference between maximum and minimum total velocity in the 

proflle: 

U DIF = ( ~u2 + y2 + w2 
)MAX - ( ~u2 + y2 + w2 

)MIN (2.38) 

The second tenn above is simply taken as zero. 

The effect of transition is simulated by fixing a location downstream of which 

the computed eddy viscosity is used and the effect of turbulence approximated, while 

upstream of that location J..lt is set to zero. Thus, this does not model natural transition 

but, instead, a boundary layer which maintains laminar until being tripped at that fixed 

location. Thus, in numerical simulations, the transition and increase in viscosity is very 

abrupt, in contrast to physical experiments where there is a fmite region of transition. 



The constants in the development above assume the following values. 

A+=26 

CCP =1.6 

CKLEB =0.3 

CWK =0.25 

k=O.4 
K = 0.0168 
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(2.38) 

The transition location is fixed to the airfoil surface for most cases of the 

numerical simulations, except when the bubble reattachment model is used. In this model, 

the transition location is moved forward to just behind the location on the top surface 

where reverse flow occurs. This is a crude way of simulating the promotion of transition 

by the free shear layer on top of a laminar separation bubble (Tani 1964). Sect. 4.2.6 

describes the results of using this model. 
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CHAPTER 3 

MOVING GRID COMPUTATIONS 

More stringent than steady state calculations, time accurate calculations require 

more careful choice of scheme. artificial dissipation, as well as the computation grid. 

3.1 Scheme 

The choice of time differencing scheme must be tailored to match the type of 

calculations. For example, the Euler implicit scheme is good for steady state computation 

because waves of all frequencies are damped, which helps stability as well as 

convergency. However. for time accuracy. waves, at least those comparable in frequency 

to the flow features. must be reproduced with as little distortion as possible. Hence, as 

far as the convective part of the problem is of concern. the trapezoidal time discretization, 

having no attenuation for waves of any frequency is best. However. for the whole 

system of Navier-Stokes equations, some attenuation may be needed for stability. For 

example. when the Beam and Warming algorithm is applied to a model linear parabolic 

equation. the parameter $ (see Chap. 2. Sect. 2.4) must be greater than or equal to 0.853 

for unconditional stability (Warming and Beam 1978). That is. the scheme must be closer 

to three-point backward differencing than to trapezoidal differencing and some damping 

from the three-point differencing must be present. While the thin layer approximation 

should theoretically remove that restriction. the effect of the approximate factorization and 

the bending of the grid along the surface curvature may be introducing enough cross-term 

errors to make such attenuation necessary. Here. $=0.2 and 9=0.7 are chosen for all 

simulations. maintaining order to be the same as the trapezoidal and three-point backward 

differencing. 
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3.2 Gird 

As mentioned in Chap. 1, excessive dissipation can be detrimental to the time 

accuracy and the choice here is to avoid that as well as keeping the efficient tridiagonal 

form in the solver. However, this results in more restrictive requirements on grids which 

can allow a stable solution. It is found that excessive stretching, sharp changes in spacing 

and very fine grid spacing create stability problems. While the grids can be made 

smoother by redistributing the gridlines and excessive stretching avoided by adding more 

gridlines, fine grid spacing in the clustering near the body is necessary for resolving the 

boundary layer in the Navier-Stokes calculations. In steady state calculations using a 

pentadiagonal scheme, which allows dissipation that includes fourth order implicit terms, 

converged solutions can be obtained with grid spacing as small as 0.00001 chords if 

space varying time stepping is used to scale the local time step according to the local 

metric Jacobian, thus making it very small. The finest grid used successfully so far in the 

calculations has a minimum spacing, normal to the surface, of 0.0004 chords. This 

spacing satisfies the requirement of having one or more grid points in the boundary layer 

for most of the airfoil, except at the very leading edge. But, as will be seen from the 

results, so much is happening inside the boundary at the leading edge that it would be 

much preferable to have a spacing an order of magnitude smaller. However, for time 

accurate calculations, the time step is constant regardless of grid spacing, and the present 

time step of 0.02 is already giving a maximum CFL number of approximately 50, which 

is an order of magnitude higher than the limit for the usual explicit methods. The time 

step is small enough for accuracy because the large CFL number is found only in the grid 

clustering near the surface, where viscous effect dominates, and everywhere outside of 

the region the CFL number is less than unity. The time step is therefore limited by 
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stability. Thus, further refmement in the grid will require at least a proportional decrease 

in the time step and an increase in the number of iterations. As a comparison, for their 

three-dimensional Euler calculations, Wake and Sankar (1989) used a grid with minimum 

spacing of 0.01 chords and a time step of 0.02, and for their Navier-Stokes version, a 

grid of 0.001 chords and a time step of 0.002 to resolve an all turbulent flow of 

Re=I,OOO,OOO. 

To facilitate the implementation of solid surface boundary condition, body fitting 

grids are generated for each airfoil, usually with gridlines of constant" values parallel to 

the body and constant ~ values normal to the surface. For dynamic stall simulations, 

Shida (1987) used a method similar to Chyu et a1.(1981) for unsteady automatic grid

generation, with a weighted coordinate-stretching technique to generate well regulated and 

controlled grids over the entire flow field including the clustered region near the boundary 

layer. In the present simulations, a rigid grid which rotates with the airfoil body is used. 

Thus, other than recalculating the metrics, the extra work related to the grid motion is 

minimal. The grid is required to conform to and move rigidly in unison with the body 

surface. Once a suitable grid is generated, the code applies a simple coordinate rotation 

transform about the pitching point for all points on the grid. However, since the outer 

boundary of the grid is some 50 chords away, the rotation results in a very large grid 

speed there. If, as is the case for most C-grids, the clustering near the body continues 

into the wake at the far end, the enormous contravariant velocities arising from the huge 

grid speed will cause a numerical problem due to subtraction of large quantities to form 

very small differences between closely spaced grid points. To avoid this, the C-grids 

used here are modified by smoothly expanding into the far end in a fish tail fashion to 

form grid cells of reasonable aspect ratio. Fig. 3.1 shows a typical C-grid before and 

after such modification. The grid cells in the wake region will be somewhat distorted, 
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and the expansion probably has the effect of diffusing the wake. However, as long as the 

total vorticity in the wake is convected properly downstream, the solution near the body, 

which is of most concern to us, is not expected to be affected, and such wake diffusion 

may be a boon in avoiding numerical instability. Similar grids have been used before, 

e.g., by Venkatakrishnan and Jameson (1988). 

O-grids naturally expand away from the body, so that this problem is absent. 

However, the detail of the grid at the trailing edge can be an issue. Coarse grid spacing 

there may cause numerical difficulties due to excessive grid distortion, whereas fine grid 

spacing that allows a smooth rounding off of the trailing edge may introduce a more 

severe stability limit than the clustering at the leading edge. This is why the C-grid is 

chosen, but then special treatment of the domain behind the airfoil is required. 

3.3 Integration across Wake Line 

In a C-grid, the region behind the airfoil is separated into two different parts of 

the computation domain, the lower half is mapped to the front part and the upper the rear. 

The central segment of first gridline forms the airfoil body while the front and rear 

segments join into a single line, the wake line, connecting the two parts together. The 

common treatment of the C-grid wake line is to handle it like an explicit boundary and 

update the points on it by averaging the values of the points above and below. But 

explicit boundary treatment not only lowers the time accuracy and hinders the convective 

waves from moving across the wake line without excessive lag, it can also introduce 

instability and pressure oscillations from the gridline clustering continued from the body. 

The most logical treatment is to integrate right across the wake line in the 'l1 step of the 

algorithm. During grid generation, the 'l1 gridlines on the upper and lower halves are lined 
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up to form continuous, smooth lines. The region is then considered as one for the 

integration. The actual implementation can be very complicated. For example, a newer 

version of the ARC2D code (Pulliam 1984) would allocate enough extra storage and use 

an esoteric routine to copy all flow variables, metrics and intermediate values in the upper 

and lower halves into corresponding arrays for the single continuous domain. After 

integration, a reverse operation recovers the needed values. In the present code, only the 

array for AQ is copied and reformed that way. However, the subrountine supplying the 

coefficient matrices to the tridiagonal system inversion routine had to be extensively 

modified to handle the translation of indices. The extra work of debugging more codes 

pays off as better efficiency in the solver. 

Such wake handling demonstrates trouble free calculations in the region, and the 

actual wake in the solution moves across the wake line freely, because it becomes just 

another line in the integration domain and requires no boundary type treatment 

3.4 Boundary Conditions 

Besides the wake line, the far field and the body are the only boundaries. 

3.4.1 Far Field Boundaries 

Characteristic boundary condition is applied in a locally one dimensional fashion 

in a direction normal to the grid boundary. This is done to ensure that waves radiating out 

from the airfoil are not significantly reflected from the boundary back to the airfoil. 

Improper treatment of the boundary conditions can lead to instability and inaccuracy. Yee 

(1981) provides a survey of numerical boundary development and extensive 

bibliographies for researches before 1980, and suggested a numerical boundary condition 

applicable to inviscid gas dynamics equations which evolved into the characteristic 
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boundary condition used in the ARC2D code. The implicit implementation of the 

characteristic boundary condition used in the code for the present simulations follows that 

of Pulliam (1981), but is simpler. In one dimension, the Euler equations, in present 

notation, are 

(3.1) 

Similar to Eqs. (2.21), the fluxes can be linearized to some reference state by setting 

E=E* +AQ' 

A =A(Q*) (3.2) 

Q=Q* +Q' 

The matrix A is dependent only on the constant reference state. As given by Pulliam 

(1984), A has a complete set of eigenvectors and eigenvalues. Thus a similarity 

transformation exists such that 

A = TAT-l 

T-1AT=A 

(3.3) 

where A is a diagonal matrix. All matrices are dependent on the reference state and, so, 

are constant. With the linearization about the reference state, (3.1) can take the forms 

aQ* aE* 
-+-=0 

at ax 
aQ' aAQ' 
-+--=0 
at ax 

Pre-multiplying with the transformation in (3.3) results in 

(3.4) 

(3.5) 

and then, by making use of the transformation as well as a substitution, it becomes 
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aT-1Q' aT-1AIT-1Q' 
----"::;...+ 0 at ax 
W=T-1Q' (3.6) 

aw +aAW =0 
at ax 

which is a decoupled system because A is diagonal. The elements of A (the eigenvalues 

of matrix A) are the characteristic speeds of the hyperbolic system. The elements of 

vector W are the characteristic variables. So, for the i-th component, the characteristic 

equation is 

a"1 A' a"1 - 0 --+ --at I ax 
(3.7) 

Since a steady far field is to be imposed on the boundary of the domain, those 

characteristic variables which propagate from outside into the domain are taken as 

constant, with no gradient or change with time. 

aw· 
_J=o 
at 

(3.8) 

The sign of the characteristic speed for the j-th row of the equations indicates whether the 

characteristic variable is propagating from the interior, or outside, of the domain. 

Implementation of the implicit characteristic boundary condition follows a similar 

idea. The difference equations for points at the boundary are formed just as the interior 

points except that one sided differencing is used for the gradients. Each system is pre

multiplied with the transformation, which uses the solution at the current time level as the 

reference state. Since the characteristic speeds are known in analytic form, they are 

computed and their signs examined. If, for a particular row, the characteristic speed 

indicates that the propagation is from the outside, all terms associated with the gradient are 
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set to zero. The boundary points are then solved as part of the tridiagonal system in the 

solver. 

The characteristic boundary condition is strictly valid only for the Euler 

equations, but viscous effects are basically absent in the far field, except in wake where 

vorticity is still diffusing. As long as the grid in the far field is not clustered near the 

wake line (see Sect. 3.2), the vorticity will be smeared by the grid and will not cause 

significant error even though the Euler equations, instead of the Navier-Stokes equations, 

are use. Therefore, the characteristic boundary condition should still be valid. 

Giles (1990) showed that for two dimensional unsteady flow, boundary 

conditions cannot be exactly nonreflecting in general. The locally one dimensional 

assumption is a good approximation only when the wave propagate along the gridlines 

where the characteristic boundary condition is applied. However, Giles (1984) also 

showed that waves of the highest frequency supported by the grid spacing will be 

internally reflected by a nonuniform grid when propagation is towards the grid expansion. 

The locally one-dimensional characteristic boundary condition also ignores the 

effect of the lift producing circulation on the airfoil. For steady flow, Thomas and Salas 

(1986) showed that the calculated lift values differ by the order of 10% if no correction is 

applied when the far field boundary is less than 10 chords away. For unsteady flow, 

Fung (1981) showed that, for a grid boundary 13 chords away from the body, a time

accurate boundary condition, which corrects for the unsteady lift effect on the boundary, 

improves the accuracy of the computed indicial response for an airfoil at large time. 

However, in the present simulation, only the sinusoidal test case for checking 

the accuracy of the code involves integration to large time. The other simulations are 
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usually completed within about the time of 60 chords traveled at sound speed and none 

greater than 100. With the grid boundary at approximately 50 chords away from the 

body, the far field effect on accuracy is minimal. The characteristic boundary condition 

has been adequate for maintaining stability and allowing noise from the interior to radiate 

out of the domain. 

3.4.2 Airfoil Surface Boundary Condition 

The surface boundary is what drives the whole unsteady flow, and it is crucial to 

all unsteady flow calculations. Furthermore, since the development on the surface is our 

main concern, the boundary condition there is especially important. In the simulations 

reviewed in Chap. 1, the Beam and Warming algorithm is usually used with explicit 

boundary conditions on the body because of the simplicity and flexibility of the boundary 

treatment. However, explicit boundary conditions lower the order of the scheme at the 

boundary and give rise to a CFL limit similar to, though less restrictive than, an all 

explicit method. Beam and Warming (1978) applied implicit treatment of solid 

boundaries in their compressible Navier-Stokes calculations by handling the boundary 

identical to what might be used in an explicit numerical scheme: extrapolating the pressure 

using the normal momentum equation and the energy using the energy equation with a 

prescribed normal temperature gradient after imposing zero velocities. The extrapolation 

is done implicitly, so the resulting equations are included in the tridiagonal system in the 

solver. 

The ADI nature of the scheme splits the convective part of the equations into two 

directions and then lumps the viscous contribution with the direction normal to the 

surface. So, in just one integration step in the 11 direction, it cannot be known how the 

flow variables would change, or whether the changes would satisfy the momentum and 
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energy equations at all. The implicit boundary conditions described above do show an 

improvement over explicit boundary conditions, but errors and instability often persist 

Our implicit boundary treatment concentrates on the convective part because the 

acoustic waves move fast and cause significant pressure change. From (2.10), the 11 

direction flux is 

o 

F= J-1 11xP 
11yP 
-11tP 

(3.9) 

because the contravariant velocity V is zero even on the moving grid. Thus, only changes 

in pressure on the surface affect the flow variables above it. The acoustic waves are just 

the pressure change plus or minus the perturbation velocity due to the waves. Therefore, 

two pieces of information are needed to define the state of an incoming wave being 

reflected from a solid surface as an outgoing wave. The zero perturbation velocity at the 

surface must be imposed, and the remaining piece of information is the one carried inside 

the flow, the pressure change. So, the pressure change on the surface can be calculated 

from the interior points by extrapolation. We use first order extrapolation to define a 

relationship of the pressure changes 

(3.10) 

The changes in pressure for the interior points can be expressed as the changes in the flow 

variables by linearizing 

IIp = ("{ - 1)( cpllp - ullpu - vllpv + Ile) (3.11) 

The pressure changes on the surface are now expressed, and can be substituted as 

changes in the flow variables of the interior points. Thus, the 11 direction integration is 
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handled implicitly by making the substitution in the difference equations for the first 

interior point. Although this is developed for the convective part only, the use of a simple 

pressure extrapolation makes a reasonable approximation, even when the viscous part is 

included. Changes in other flow variables, due to the viscous part, are ignored which 

amounts to explicit treatment for those variables. 

When the integration for whole time step is completed, the surface variables are 

updated in the same manner as an explicit boundary condition, except with a surface 

pressure value approximating that at the new time level and allowing the interior points to 

be properly integrated. Inaccuracy may feed back to the surface in the update and often 

make the solution there unstable. The update here uses density extrapolated from the 

interior points in addition to the pressure and the imposed velocities to furnish the set of 

values needed for the numerical boundary condition. 

The implicit boundary condition just described is the most successful used so 

far. For all simulations, smooth solutions are obtained until drastic changes occur near 

the surface, as di~ussed in the next chapter. All other treatments suffered more 

restrictive time step requirements, or resulted in wild oscillations in flow variables on the 

surface and even complete instability. It is believed that not only must the wave-like 

character of the convective part be handled properly, and the treatment must not overtly be 

in conflict with the viscous part, whose integration is, unfortunately, lumped in one step. 

Thoughts have been given to dividing the parts into two independent integration steps, but 

the treatment of boundary condition for variables in the intermediate steps discouraged 

their development. Even if a consistent boundary treatment can be found, the additional 

work for the extra step, approximately 50% more, would still need to be justified. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Since the code uses the Beam and Warming (1978) algorithm and the implicit 

implementation of Steger (1978), it is appropriate to assert its accuracy by comparison 

with time accurate calculations using similar codes. The main focus is on the time 

accuracy of oscillatory motion, since over a limited range where linearity is valid, all 

motions of small amplitude can be approximated and decomposed into harmonic motions. 

4.1 Comparison of Experimental and Other Computed Results 

Chyu et al. (1981) used essentially the same Beam and Warming algorithm, 

together with an unsteady automatic grid-generation procedure, to compute both the 

inviscid and viscous flows at Moo=0.8 over an NACA 64AOIO airfoil oscillating about 

quarterchord at a reduced frequencyl of k = 0.4, and to compare the results with the 

experimental results for the same flow conditions obtained by Davis and Malcolm (1980). 

The experimental results are extensive and contain aerodynamic transfer functions for a 

wide range of reduced frequencies. For comparison, the present computations are for 

viscous flows at Re=3.3x106 and three reduced frequencies, with the middle one being 

identical to that of the computation of Chyu et al. The Reynolds number is chosen because 

the experimental results also contain some points conducted at Re=3.3xl06 in addition to 

the Re=12x106 used in the viscous computation of Chyu el al., and the grid used here 

should be able to resolve the higher Reynolds number flow a little better. 

1 For an oscillating airfoil with angle of attack, CX=(X() sin(rot), the reduced frequency is defmed by 
k=rocIU, where c is the airfoil chord and U is the freestream velocity. However, both references used the 
half-chord reduced frequency, defmed by k=rocJ2U. Thus, their numerical values for k are halved. 
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Figure 4.1 compares present results and that of Chyu et al.(1981 pp.689) with 

additional data points from the experiments at Re=12xl06-Of Davis and Malcolm (1980 

pp. 1309). It is clear that, for ~e range of reduced frequencies computed, the results are 

very similar to that of Chyu et al. There are some deviations from experimental data, 

especially for the real part of the pitching moment coefficient Nonetheless, the agreement 

is consistent for a range of frequencies. 

The experimental results also contain extensive surface pressure measurements 

which Chyu et al used for his comparison. Since the present computations bear so much 

similarity to that of Chyu and a crude comparison of the surfaces pressure at various 

instances revealed no significant difference, for brevity time histories of the surface 

pressure are not presented for comparison with the experimental results. 

4.2 Constant Rate Pitching with NACA 64AOIO Airfoil 

Numerical simulations of an NACA 64AOlO airfoil pitching upward at a 

constant rate are carried out until the solutions show massive separation or failure of the 

code to continue integration in time because of numerical difficulties with very rapidly 

changing flow field and the break down of thin layer approximation in such separation. 
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The NACA 64A01O is used since it is the airfoil profile used in the time accuracy 

comparison reported above. Figure 4.2 shows the airfoil profile and the body-fitting grid 

used for the calculations. The ram pitching is carried out at two reduced frequencies, 

k=O.OI and 0.02, so that the unsteady effect can be compared. In the simulations, the 

airfoil is initially at an angle of attack, a.=OD and pitched upward to <x=30D or as large an <X 

as the code will properly give a solution. Since the process of transition is simulated in the 

code by having a fixed location at which the modeled turbulent viscosity is in effect, only 

forced transition, comparable to using trip wire in wind tunnel experiments, is possible. 

Thus the computations are divided into cases of transitional location for the airfoil. Thus 

the phenomena observed is pertaining to fixed location forced transition only. However, 

by suitably choosing the transition location, a probable picture of the phenomenon with 

natural transition can be construed. 

Furthermore, to reveal the effect of change in Mach number, the whole set of 

simulations are duplicated at two Mach numbers, M=O.3 and M=0.4. These Mach 

numbers are representative of those when dynamic stall is important and the higher Mach 

number will ensure substantial supersonic region near the leading edge near stall. 

Table 4.1 lists the various individual cases computed for the NACA 64AOIO airfoil. 

T bl 41 C a e ases compute or Olm d ~ NACA 64AOlO Airf ·1· C onstant p. h Itc -rate R amp 
Transition Location k = 0.01 k = 0.02 
0% of chord (L.E.) M=0.3 M=O.4 M=0.3 M=O.4 
1.2% ot" chord M=O.3 M=O.4 M=O.3 M=O.4 
2.8% ot" chord M=0.3 M=O.4 M=0.3 M=O.4 
10% of chord M=0.3 M=O.4 M=0.3 M=O.4 
40% ot" chord M=O.3 M=O.4 M=O.3 M=O.4 
Aft of Reverse Flow M=O.3 M=O.4 M=0.3 M=O.4 
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4.2.1 Reverse Flow and the Bubble 

Before describing the phenomenon for any particular case, it is helpful to discuss 

how the flow development is observed. The flow is monitored by its vorticity layer on the 

body surface. Under the thin-layer approximation, the vorticity near the surface is just the 

velocity gradient normal to the surface. Analogous to the steady boundary layer profile in 

a freestream with pressure gradient, quasi-steady development of the velocity and 

vorticity profiles in unsteady flow is similar to the progression through successive stages 

of changing pressure gradient. In steady flow, when the boundary layer is under the 

influence of a favorable pressure gradient, a laminar profile has no inflection point, and 

the vorticity profile is monotonic from the surface to the edge of the boundary layer. 

Reynolds and Carr (1985) explained that pressure gradient is the source of vorticity 

generated at a surface. Favorable pressure gradient produces vorticity of one sign. 

Conversely, in the face of an adverse pressure gradient, the vorticity profile has an 

extremum away from the surface. This is because the vorticity has to decrease in 

magnitude as the adverse pressure gradient generate vorticity of the opposite sign to 

cancel those produced by favorable pressure gradient. When the pressure gradient is 

sufficiently adverse, vorticity becomes zero and changes sign as reverse flow occurs and 

steady separation results. 

While unsteady effect changes the situation to an extent, the development is still 

broadly similar, with one major exception: reverse flow is not separation and in general 

happens much earlier at a different location. However, as will be apparent in the 

description of the results of the numerical experiments, flow reversal is a mechanism for 

the onset of separation. Thus the region of flow reversal is closely tracked by watching 

the surface vorticity for sign change. This method of monitoring is more sensitive than an 
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examination of the velocity vectors at the grid points. The finest grid on which the present 

code can provide stable solutions usually has only one point in the reverse flow ponion of 

the velocity profile because, before separation, the reverse flow region as thin as the 

minimum grid spacing. 

4.2.1a Structure of the Bubble 

The reverse flow region usually starts as a small confined area. Since the mass it 

conveys upstream must returns to downstream somehow, conceptually, it can be viewed 

as the lower half of a recirculating bubble. Figure 4.3a is a sketch of the bubble, which 

contains both forward and reverse flow, balancing each other to zero net inflow. Thus the 

zero tangential velocity line divides the bubble into upper and lower halves. The lower 

half is the reverse flow region, which is in turn divided into two halves by the zero 

vorticity line. Note that vorticity, under the thin layer approximation, is just the normal 

gradient of the tangential velocity and that the zero vorticity line is the locus of maxima on 

the reverse flow profile. 

4.2.1b Bubble under Pressure influence 

A situation occurs in the numerical simulation this way. The inviscid velocity 

outside of the boundary layer at a certain streamwise location is locally accelerated in the 

boundary layer, and the pressure decreases correspondingly. If the upstream and 

downstream pressures are not affected, then there is a negative pressure gradient upstream 

and , consequently, a corresponding positive pressure gradient downstream. For a 

boundary layer without reverse flow, i.e., negative (clockwise) vorticity is created in the 

upstream by the negative pressure gradient and then is weakened by the positive pressure 

gradient. So vorticity is most negative in the middle. If there is a bubble (see Fig. 4.3b) 
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at that point, then the reverse flow region inside will be accelerated by the lower pressure 

just as the inviscid flow outside the boundary layer. Since the acceleration is along the 

original flow direction of the fluid, for the reverse flow it is in the opposite direction. 

Thus the reverse flow is intensified. The negative vorticity is on top, separated from the 

surface by the positive vorticity attached to the surface. 

In the numerical simulations, the inviscid velocity outside of the boundary layer 

is actually accelerated by the displacement effect of the bubble. The displacement effect is 

more pronounced the closer the bubble is to the leading edge. Since, as will be presented 

in the next section, the movement of a bubble is upstream towards the leading edge, this 

means the reverse flow inside the bubble is strengthened along the way. 

4.2.2 Laminar Leading Edge - Transition fixed at 40% chord 

To facilitate the assimilation of information contained in the array of computed 

cases listed in Table 4.1, the one for M=0.3, k=O.OI, and transition location fixed at 

40% chord is chosen first for the following discussion. With transition set so far 

downstream, the leading edge is totally laminar with little effect from the turbulence 

modeling. In the numerical simulation, the first sign of the developing pressure field 

affecting the boundary layer is the vorticity magnitude on the surface decreases to below 

that slightly away from the surface, in the vicinity in front of the fixed transition location 

at 40% chord. The region of reduced vorticity quickly spread upstream, but, by the time it 

moves up to the 5% chord region, another similar region of reduced vorticity has already 

developed at around 3% chord so that reverse flow first occurs at that position. Figures 

4.4a-f show the various stages of the development after reverse flow appears. 
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The reverse flow region and the recirculating bubble containing it grow to cover 

about 1.5% chord in about 0.1 unit time2 • According to the description by Reynolds and 

Carr (1985), the region of reverse flow is a low-momentum, high-vorticity region, and 

because of the mirror image of the vortex flow in the solid surface, it can move upstream 

against the free-potential flow. The bubble moves upstream along the surface at a fairly 

uniform speed of approximately 6.5% chord for 1 chord traveled by freestream. As the 

reverse flow region migrates in the direction of the pressure gradient, towards the suction 

peak, its size remains fairly constant, except at the final stage, where it speeds up a little, 

and so contracting the bubble slightly. The suction peak, from the inviscid expansion 

around the leading edge, is within the first 0.25% chord. The recirculation bubble, with 

its displacement effect similar to a hump on the surface, accelerates the inviscid flow on 

top of it and creates a second suction peak. When the bubble moves close enough, to 

around 1 % chord, the original suction peak is progressively relieved and decreases in 

magnitUde, while the second peak on top of the bubble intensifies proportionally at its 

expense. As the front of the bubble reaches the 0.5% chord position, the absolute peak 

has moved to the top of the bubble and the original peak has diminished. Then and there, 

a rapid change occurs inside the reverse flow region, so that the calculation cannot 

proceed due to insufficient temporal resolution which causes negative pressure to appear. 

2 As noted before, for all output results, time unit is in number of chords traveled by the freestream, i.e. 
time is normalized by clU. 
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The displacement effect of the bubble is similar to a solid bump in accelerating 

the flow, forming a region of favorable pressure gradient in the front part of it. When the 

flow decelerates after moving over the bump, a region of adverse pressure gradient forms 

over the rear part of it. Vorticity of one sign, say, negative (or clockwise), is produced 

under the favorable pressure gradient, and of the other, positive (or counterclockwise), 

under the adverse pressure gradient. Thus, with diffusion negligible in a short time scale, 

the stream wise vorticity distribution shows a peak, in direct correspondence with the 

suction peak. The transfer of the suction peak from the original one at the leading edge to 

the one on top of the bubble means that the negative vorticity peak is also moved onto the 

top of the bubble. Therefore, negative vorticity is fed into the top part of the bubble and, 

with a layer of positive vorticity underneath, is detached from the surface. This is 

apparently a leading edge vortex in formation. 

The present numerical simulation cannot deal with the rapid change during the 

reverse flow intensification because of insufficient temporal resolution. Even if the 

temporal resolution can be rermed, there is not enough spatial resolution to show how this 

intensification of the reverse flow leads to the final shedding of the detached vortical 

layer. However, since the zero vorticity line is inside the bubble which is moving 

upstream at a certain velocity, an unsteady separation point, if it exists, must also be 

moving at about the same velocity. The MRS criterion (Sears and Telionis 1971) for 

unsteady separation in this moving separation point situation is: 

au 0 t dy = a u = Us 

(4.1) 

Thus an intensified reverse flow region will ensure a large enough velocity at the zero 

vorticity line to satisfy the MRS criterion. So the bubble will be progressively thickened 
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and thus begins the vorticity shedding process. This is what happened in the all-turbulent 

case described next 

4.2.3 All-Turbulent Flow - Transition fIxed at 0% chord 

As an illustration, the case of an NACA 64AO lOin M=0.3 freestream and 

pitching at a constant rate of reduced frequency k=O.Ol, is described here and shown in 

Figures 4.5a-d. Turbulence modeling is used at all locations on the airfoil. This increase 

in effective viscosity delay the appearance of reverse flow until the airfoil is pitched about 

3° more than in the corresponding laminar case. When reverse flow does appear, it is at 

3.6% chord, almost the same location as before. Apparently, because of the geometry of 

the airfoil, that location is the ftrst place where the adverse pressure gradient overcomes 

the momentum transferred from outside the boundary layer by viscous diffusion, 

regardless of whether it is laminar or turbulent. 

The development of the bubble in the turbulent case is quite different from the 

laminar case. While the front of the bubble does moves forward, the back of the bubble 

moves even more rapidly backward, so that the bubble is basically just growing in size 

and not moving as a whole. In contrast to the uniform motion in the laminar case, the 

motion in the turbulent case of the front of the bubble is quite erratic. It moves very rapid 

at frrst, almost stops at 1.5% chord, then jumps forward a little more and so on. The back 

of bubble just keeps extending rapidly backward, fmally all the way to the trailing edge. 

The behavior of the front of the bubble may be explained by the interaction with 

the inviscid flow. As the front of the bubble moves to 1.5% chord, its growth is impeded 

by the high flow velocity coupled with the higher viscosity afforded by the turbulent 

effect. However, its presence is already affecting the inviscid flow through the 
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displacement effect. After a while, due to the acceleration on top of the bubble and the 

intensified reverse flow velocity, the front of the bubble is able to move again. In terms of 

unsteady separation, the initial movement of the front of the bubble is too quick for the 

reverse flow to catch up. The motion slows down just at the time when the reverse flow is 

intensified by the pressure gradient produced by the inviscid flow. Thus the MRS 

criterion is satisfied at some point in the front part of the bubble. The ensuing unsteady 

separation causes the growth of the bubble so that its front extend forward again. The 

continuous thickening of the boundary layer from this is clear in the numerical simulation. 

The greater diffusion due to turbulent viscosity spreads and slows the development in the 

flow enough for the numerical code to resolve this unsteady separation. 

4.2.4 Transition Fixed at 2.8% chord 

The transition process is simulated numerically by including the computed 

turbulent viscosity, obtained from the turbulence modeling, on all the gridlines 

downstream of a specified location. From the laminar leading edge computation, it is 

known that the first location of reverse flow occurs at downstream of 3% chord. The case 

of the NACA 64AO 10 airfoil pitching up at M=O.3 and the rate of reduced frequency 

k=O.O 1 is repeated with transition fixed at 2.8% chord. 

With transition and the resulting more energetic boundary layer placed at the 

location where reverse flow would otherwise appear, no reverse flow is found even when 

the airfoil is pitched to an angle one or two degree higher than in the all-turbulent case. 

The numerical simulation is terminated when the solution becomes unstable. Figure 4.6 

shows the flow just before then. For the first time a supersonic region appears, covering 

from close to 0% chord to 0.5% chord. The supersonic region displays characteristic 



75 

multiple peaks indicative of some sort of instability, due either to the unsophisticated 

nature of the numerical dissipation used or to some real physical effect of the interaction 

of the supersonic region with the underlying boundary layer. The present code is not 

capable of resolving the details at this 0%-0.5% chord region where the boundary layer 

may be an order of magnitude smaller than the 0.05% chord minimum grid spacing in the 

direction normal to surface. However, since no reverse flow or even a slight decrease of 

surface vorticity can be observed anywhere, it is reasonable to speculate that when 

separation occurs, it starts from the laminar boundary layer underneath the supersonic 

region. A stable code that can resolve such fine details with reasonable computer 

resources is required. 

4.2.5 Transition Set at other fixed locations 

For transition fixed at 1.2% chord, the development of the flow is little different 

from that of transition fixed at 2.8% chord. There is, again, no reverse flow anywhere 

and the supersonic region covers the first 0.5% chord. Instability originated from the 

supersonic region forces the termination of the simulation at a similar stage. Fig. 4.7 

shows the flow at that time. Thus, as long as the transition is set slightly before the 3.5% 

chord region, where reverse flow would appear otherwise, the flow is no longer sensitive 

to the transition location. 

When transition is fixed a little downstream, at 10% chord, the laminar leading 

edge situation develops and there is little difference from when transition is fixed at 40% 

chord. The reverse flow region starts at the same location, moves forward and assumes 

the suction peak as before. Thus the 3.5% chord is a dividing point for locating transition 

which can be used to eliminate the bubble there and delay the onset of separation due to 

the bubble. 



./ 

/ 

I 

/ 
/'" 

/'" 

/' 

/" 

/ 

~ 

~ --- ----
----- ------------~ =---- ... , .. 

-------------.. ~ ........ . 

-::::.: .... 

--- ----- ----- ------- ----- -___ 0 . 300 MACH::: ... 
-::::: 1 0 • 54 .. DEG·'··· ;:L-P;A -- ........ . 

········1.00xl0··6 Rc 

6.7 TIME 

167x49 GRID 

~w r 

II~" 

~'~1··~······· I \ \ \ <' ;-' 
I \ \ \ , 

\ \ , 

Figure 4.6 NACA 64AOIO Ailfoil at M=O.3. with Transition (ixed at 2.8% chord. 
pitching up at k=O.OI. 

-..l 
0'\ 



~ 
/ o :;?. 

...... 

~. 
... ~. 

..... 

0.300 MACH 

10.44 DEG ALPHA 

1.00xI0··6 Rc 

6.S TIME 

167x49 GRID 

Figure 4.7 NACA 64AOIO Airfoil at M=O.3. with Transition fixed at 1.2% chord. 
pitching up at k=O.OI. 

-...l 
-...l 



78 

Auxiliary computation indicates that setting the transition point beyond 50% 

chord may allow a reverse flow region to start near the trailing edge, before the one starts 

at 3.5% chord. As the purpose of the numerical investigation is focused on the leading 

edge and natural transition usually occurs long before 50% chord, such results are not 

included here. 

4.2.6 Transition Set at Bubble Reattachment 

Since modeling natural transition is beyond the level of sophistication of this 

research, a crude but plausible approximation is to assume that the bubble promotes 

transition, causing the boundary layer to become turbulent after the bubble. This has a 

built-in feed-back effect on the bubble which is stabilized as well as prevented from 

growing backward in length. Only when the bubble cannot reattach, even when the 

turbulence effect is added, would the bubble extend backward, as happens with the all

turbulent case. From the laminar leading edge simulations, the bubble is observed to 

move only forward, therefore the approximation seems reasonable. 

For the NACA 64AOlO airfoil in M=O.3 freestream pitching up at a reduced 

frequency of k=O.Ol. (See Fig. 4.8a,b). The reverse flow ftrst occurs at around 3% 

chord. This location is slightly ahead of the laminar leading edge case, and it occurs at 

about 1.5° higher ex. Actually, a very brief reverse flow does occur at exactly the same 

location and instance, but the effect of the transition modeling immediately moves the 

transition location forward. The increased viscous effect due to turbulence stabilizes and, 

in fact, eliminates the bubble altogether. 

With transition immediately behind it, the eventual flow reversal creates a bubble 

that does not extend backward. In comparison with the laminar leading edge case, the 
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growth of bubble takes slightly longer, but the development of the bubble is very similar. 

It grows to cover a similar 1.5% chord and moves forward at about the same speed of 7% 

chord per unit time. When it moves to about 0.7% chord, the suction peak originally at 

the leading edge has moved to on top of the bubble. The high velocity induced inside the 

bubble and the ensuing rapid change causes a similar failure of the numerical code. 

4.2.7 Unsteady effect 

The numerical simulations described above are all repeated with the airfoil 

pitching up at k=0.02, which is twice the previous reduced frequency. 

4.2.7a Laminar Leading Edge (c.f. 4.2.2) 

For the laminar leading edge case, the difference from the corresponding case at 

lower reduced frequency is slight. (sec Figures 4.9a-c). Reverse flow appears at the about 

same location of 3.5% chord at a approximately 0.50 higher. Due to the faster motion, the 

Cl is consistently 0.05 higher at all a. The total effect is that Cl is only 0.1 higher before 

reverse flow occur when the airfoil is pitched twice as fast. This is a small change in Cl 

compared to the dramatic increase often found with dynamic stall. The development of the 

bubble after reverse flow has appeared is almost identical for the two different pitch rates. 

The size of the bubble in the faster pitching case grows to cover about 1.7% chord, which 

is slightly larger than previous case. The bubble moves upstream at a speed of at around 

8.5% chord per unit time. This is faster than before, showing that the motion of the 

bubble is affected by the development of the inviscid pressure field, the evolution of 

which is about twice as fast in proportion to the pitch rate. However, that speed is not 

quite two times faster, indicating some type of inertia effect in the dynamics of the bubble. 

Thus when plotted versus a, the motion of the bubble is actually smaller per degree of a 
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change. That gives only about 0.10 delay and a very tiny Cl increase. In all, the lift 

increase due to the slight delay in the onset of separation is very small, as the numerical 

simulations indicate, if the leading edge is all-laminar even with a bubble. 

4.2.7b All Flows with Fixed Transition Locations (c.f. 4.2.3,4) 

Similar effects are found when the flow is all-turbulent. (See Figures 4.lOa,b). 

The faster pitching delays the ftrst appearance of the reverse flow region by a very small 

angle, but the rest of the development is very similar to the corresponding case at the 

lower pitch rate. In fact, it is true for all cases of ftxed transition location (Fig. 4.11); the 

effect of the higher pitch rate is just to slightly delay the flow development. 

4.2.7c Transition Set at Bubble Reattachment (c.f. 4.2.6) 

When the transition model is begun by setting it at the reattachment point of the 

bubble, the unsteady effect is more pronounced. Fig. 4.12a,b show the effect. In 

comparison with the corresponding case at k=O.OI, the simulation at k=0.02 produces 

reverse flow only when (X is approximately 2.50 and Cl 0.3 higher. Once reverse flow 

appeared, at around 3% chord as before, the development of the front of the bubble 

resembles that at the lower pitch rate. It moves upstream at approximately 12% chord per 

chord traveled by the freestream, in contrast to 7% for the lower pitch rate. As in the 

laminar leading edge cases, the speed of the bubble is faster at the higher pitch rate, not 

quite twice as much. Therefore, in terms of (X change, there is a delay due to the motion 

of the bubble, although it is too small to be significant. Again, all of the effect of pitching 

at higher rate is to delay the appearance of reverse flow. 
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4.2.8 Mach effect 

As listed in Table 4.1, the simulations for various transition locations at the two 

different pitch rates are duplicated at the higher Mach number of M=O.4 for comparison. 

4.2.8a Laminar Leading Edge (c.f. 4.2.7a) 

With transition set at 10% chord or beyond, there is very little effect due to the 

higher Mach number. The reverse flow and the ensuing development occurs long before 

a is high enough for supersonic region to appear. That is true for either of the pitching 

rates which, as noted above, only delays bubble development by about half a degree in a. 

Figure 4.13 shows the development for k=O.OI and Fig. 4.14 for k=0.02. 

4.2.8b All-Turbulent Flow 

For all-turbulent flow, there is a supersonic region occurs within 0.7% chord of 

the leading edge before reverse flow and the bubble development starts (see Fig. 4.15 and 

Fig. 4.16). The bubble, as described in the corresponding lower Mach cases 

(Sect. 4.2.3), finally becomes very long because of its rapid growth backward. At the 

same time, the front of the bubble moves upstream to alleviate the suction peak, which is 

now inside the supersonic region, by accelerating the flow on top with its displacement 

effect and by creating a second suction peak. The supersonic region exhibits the same 

characteristic multiple peaks described Sect. 4.2.4. In that section, the description is for 

the case when the transition location is fixed far enough forward to prevent the bubble 

from appearing before the supersonic region. Here, the supersonic region appears 

because M is higher. The larger viscous effect of turbulent modeling in the numerical 

simulation stabilizes the supersonic region. With the alleviation from the bubble, the 
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supersonic region shrinks a little as well as moves forward, even closer to the very 

leading edge. The supersonic region remains until the boundary layer grows to very thick 

and the flow becomes massively separated. At the lower pitch rate, the code can simulate 

the whole development of the bubble to beyond separation, as in the lower Mach number 

case. The suction peak on top of the bubble never grows sufficiently to overtake the peak 

inside the supersonic region. However, with the higher pitch rate case, supersonic flow 

appears on top of the bubble. The rapid change in such a flow field is beyond the 

capability of the code which, immediately fails to integrate any further. 

4.2.8c Transition Fixed at near 3% chord 

With transition fixed at near 3% chord (in our simulations, that is either 1.2% or 

2.8% chord), no reverse flow occurs before a supersonic region appears, which grows to 

occupy the first 1 % chord. As shown in Fig. 4.17, the supersonic region has the same 

characteristic multiple peaks, and instability originated there fmally causes the code to fail. 

Thus, the development is very similar for both the M=0.4 and M=O.3 cases, except at the 

higher Mach number the supersonic region appears much earlier, some 3° less in ex, and 

is slightly larger at the time the instability sets in. At either Mach numbers, a higher pitch 

rate causes a slight delay in the whole development. As noted previously, the difference is 

of the order of 0.5°. The somewhat larger size of the supersonic region for higher pitch 

rates reflects this difference, which is a bit less for the higher Mach number case. 
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4.2.8d Transition set at Bubble Reattachment Point (c.f. 4.2.7c) 

With the bubble reattachment transition model, Mach effect is as significant (but 

in a detrimental way) as the unsteady effect, which, as we recall for M=O.3, delays the 

appearance of reverse flow by 2.5 0 in (X (Figures 4.12a,b vs. Figures 4.8a,b). At M=OA, 

the delay obtained by pitching at k=O.02 instead of k=O.OI is less than lOin (X (Figures 

4.19a,b vs. Fig. 4.18). For k=0.02, reverse flow appears at close to 20 earlier in (X for 

M=OA than for M=0.3 (Figures 4.19a,b vs. Figures 4.12a,b), whereas for k=O.OI, the 

difference is less than 0.50 (Fig. 4.18 vs. Figures 4.12a,b). 

At M=O.3 and k=O.OI there is no supersonic region when reverse flow appears. 

The bubble develops (as described before in Sect 4.2.7c) and shortly later the code fails 

because of the rapid change inside the bubble. At M=O.4 and k=O.OI a supersonic region 

covering the first 1 % chord is already present as the bubble emerges (similar to those 

cases described in Sect. 4.2.8c) of flXed transition at near 3% chord. However, unlike 

those cases, but similar to the lower Mach number case, it is the large reverse flow that 

causes the numerical problem which stops the simulation. The (X at which this happens is 

slightly below that in the cases described in Sect. 4.2.8c. Thus, there seems to be at least 

two competing mechanisms. This is supported by the development in the case of M=O.4 

and k=O.02. The reverse flow appears at the same (X at which instability sets in for the 

cases described in Sect. 4.2.8c. While the bubble actually causes the flow on top to 

finally accelerate to supersonic speed, the code fails because of the instability in the 

original supersonic region. The bubble development and the alleviation of the suction 

peak is not quick enough to stabilize the supersonic region in the numerical simulation. 

Finally, for M=O.3 and k=O.02, a small supersonic region, about 2% chord in size, is 

present when reverse flow appears. However, compared with the cases with transition 
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fixed at near 3% chord, the a is still slightly lower when instability in the supersonic 

region sets in. Thus, as described in Sect. 4.2.7c, the development of the bubble is not 

much different from the M=0.3 and k=O.OI case. 

4.3 Constant Rate Pitching with SC-I095 Airfoil 

Fig. 4.20 shows the profile and the body-fitting grid. 

4.3.1 Laminar Leading Edge - Transition fixed at 40% chord 

Figures 4.2Ia-d is a sequence of the flow development. In contrast to the 

NACA 64AOlO airfoil, the SC-1095's profile results in a significant difference in the 

development of the reverse flow region, which now appears first at the far downstream 

location of around 30% chord. Then it grows in size and extents mainly upstream because 

the transition location is fixed at 40% chord, and, apparently, the higher viscous effect 

helps limits the reverse flow. The reverse flow region moves upstream by growing in 

size, at an average rate of about 35% chord per unit time. Finally, it reaches all the way to 

within 1 % chord. 

Even though the movement of the bubble for the SC-I095 case is much faster 

than in the NACA 64AO 10 case, it has to travel much further. All taken together, it takes 

slightly longer for the front of the SC-1095 bubble to reach the stage when its 

displacement effect accelerates the flow and produces a suction peak on top of it. When 

that happens, the reverse flow is intensified, the MRS criterion is presumably satisfied, 

and unsteady separation begins. The bubble is actually broken into two parts at 1.5% 

chord and sheds its long tail, and the associated vorticity, downstream. 
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4.3.2 All-Turbulent Flow - Transition Fixed at 0% Chord 

The development is very similar to the all-laminar leading edge case, except now 

it happens at an ex some 6° higher. Just as in static condition, the higher viscous effect due 

to turbulence energizes the boundary layer, causing it to withstand a more adverse 

pressure gradient. At a comparable instant and location, the adverse pressure gradient for 

the turbulent case is over 50% higher in magnitude than the laminar case. 

4.3.3 Transition fixed at 10% chord 

When ex=9. 7°, the reverse flow region appears first at 6% chord, before the 

transition location and some 3° higher than that in the all-laminar case. (see Fig. 4.22a-d). 

The development for this case bears resemblance to the all-laminar leading edge case for 

the NACA 64AOlO airfoil. The bubble is formed within several percents of the leading 

edge, and the extension of the bubble to the front causes an acceleration of the flow, 

which creates a suction peak on top of the bubble and intensifies the reverse flow. The 

front of the bubble moves at a speed of about 10% chord per unit time, just slightly higher 

than that for the NACA 64AOlO laminar case. As the ex for the bubble appearance is some 

3° higher, the pressure gradient is much higher. 

4.3.4 Transition Fixed at 5% Chord 

This case is comparable to the NACA 64AOlO cases with transition fixed at 

locations before 3% chord (Fig. 4.23 vs. Fig. 4.7). In both situations, when transition is 

set at locations further back, reverse flow appears near the leading edge. With transition 

placed forward of where reverse flow otherwise would appear, the bubble is eliminated, 

and the airfoil can be pitched to a much higher ex, which in this case is at least 5° higher 
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than the previous case. There is no reverse flow at all, but the familiar supersonic region 

and instability occur as in Sect 4.2.4 for the NACA 64A01O airfoil. 

4.3.5 Transition set at Bubble Reattachment 

At about 70 a, the transition model moves the transition location up to 10% 

chord and later at around 100 to 11 ° a, the location is up to 5% chord. Thus, the 

development is very similar to the previous case, with a stability problem inside the 

supersonic region causing the termination of the simulation. As before, no reverse flow 

region is present when this happens. This is consistent with the findings for the NACA 

64A01O airfoil (Fig. 4.24 vs. Fig. 4.8). 

4.3.6 Mach Effect 

The previous case was repeated at the higher Mach number, M=OA, for 

comparison (Fig. 4.25 vs. Fig. 4.24). The transition location is similarly moved up to 5% 

chord, but reverse flow now appears at 2.5% chord, when a is about 120

• Because of the 

higher Mach number, a supersonic region is already covering the whole bubble. Even 

before reverse flow has occurred, the supersonic region already shows an enlargement at 

the 2.5% chord location, due to the slight thickening of the boundary layer. 'While further 

evidence is needed, it seems that the supersonic region on top contributes to the forming 

of the bubble. And once formed, the bubble extends the supersonic region much further 

into the flow. Conceivably, this hastens the formation of shock(s), which interacts 

strongly with the boundary layer, intensifies the reverse flow and enlarges the bubble 

even further. Unlike the previous case, the termination of the simulation is due to the 

rapid changes in the bubble and not an instability in the supersonic region. 
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4.3.7 Unsteady Effect 

The case described in Sect. 4.3.2 is repeated at the lower reduced frequency of 

k=O.OI to highlight the unsteady nature (Fig. 4.26 vs. Figures 4.2Ia-d). The first 

appearance of reverse flow at a=9.2° is 0.5 0 lower than that for the k=0.02 case. This is 

consistent with the results for the NACA 64AOlO airfoil. Pitching at twice the rate delays 

the development by approximately 0.50 and this effect is independent of airfoil profile. 

4.4 Constant Rate Pitching with NACA 0012 Airfoil 

Figure 4.27 shows the proftle of the airfoil and the body-fitting grid. Since Carr 

et al. (1991) have produced density contour maps near the leading edge of the airfoil, a 

couple of simulations is obtained at M=0.3, Re=600,OOO and k=0.02 to generate similar 

contours. The comparison cannot be made quantitatively because the experiment was on 

an oscillating airfoil. Also, the transition location is an still outstanding issue. For the one 

simulation, it is modeled by the reattachment location as before (Figures 28a-c), and for 

the other it is simply fixed at 4.6% chord (Figures 29a,b) because of the development of 

reverse flow at that location in the first simulation. 

Compared with the experimental results, the contours in the simulations seem to 

have shifted forward, due either to a different nose geometry in the experiment or error in 

the simulation. The curvature at the leading edge and the resulting skewness in the grid 

may also cause error. It is shown in the numerical experiments performed in the course 

of this investigation that the leading edge is often the origin of instability, and that artificial 

dissipation added to the calculations is often based on curbing the instability at the leading 

edge. So, it is not surprising if the leading edge solution reflects the error in the contours. 



/ 

/ 

/ 

/ y/ /'" 
/'" 

/ /'" / ~ 
/ 

/ ~ // ,,/ // /" 
./ 

0.300 MACH 

9.45 DEG ALPHA 

4.00xIO·o6 Rc 

2.7 TIME 

167x49 GRID 

~r r 

Figure 4.26 SC-J095 Airfoil at M=O.3. with Transition fixed at 10% chord. 
pitching up at k=O.Ol. 

.... .... 
00 



.-.. ~'\ ... ~'\ 
\ \ 
~-\ i "; ..... i.., 

I i 
.°904 ; 

! 

·r····A 

..... 'AA' 

... '1'" 'A . 
.. A ...... 

! 

n-t-+-~-i-i-I.I~lrrq:~r··~JIJfl=r-t . 

.:! f ; 

"·r·A_AJ 

: ;! ".1... f i 

! 11 
: '; 

t It ~ T -:--~f -I- +~! 

; . 
! :t .. 

. 
'1 

.£. J ........ . 
i 
i 

,A .A'1" ,A' 

j.".'-
,+ AA'~ 

\- .-... t· '-·1· -t···l--r-r 

i··· ···1··_··1 ····J·····r-·'-
i 
L. .. 
~ 

Figure 4.27 Profile of NACA 0012 Airfoil and body-fitting grid. --\0 



.1 

"'-'. 

// .•. 

........ 
0.300 

6.73 DEG 

6.00xIO··S 

0.50 

J67x49 

Figure 4.28a NACA 0012 Airfoil at M=O.3. with Transition set at 
Bubble reattachment. pitching up at k=O.02. 

MAC" 
ALPHA 

Rc 

TIME 

GRID 

-~ 



~ 
~ 

MACH 

ALPHA 

6.00xl0··S Rc 

J.2 TIME 

161x49 GRID 

w ~ 

~. 
Figure 4.28b NACA 0012 Airfoil at M=O.3. with Transition set at 

Bubble reattachment. pitching up at k=O.02. 

.... 
N .... 



/'" 

/'" /" 

/'" 

/" 

./" 

./" 

/ 
/ 

--
~ 

~ 

~ 

~ 

/' ,/ /'" 

V ,/ / 
/ / ~ 

~ 
~ :.:;::; ..-

~ .. 
~ ........... . 

/ ~ ~ .. 
// ~ ..... }~ .. 

O 
~. 

/ 
...-

/ . /,/ 

~/// 
11111; ... .--/· 

I 

------- ------- -----
----------
~ 

7.53 DEG 

MACH 

ALPHA 
6.00xl0"S Rc 

1.2 TIME 

167x49 GRID 

I I Nt/.! 
Figure 4.28c NACA 0012 Airfoil at M=O.3, with Transition set at 

~. Bubble rean.chme •• pi";!'i •• up at k=(l.02. 

t I \\\ 
I \ \ \\ ..... . 

I ,\. ,'. 

...... 
N 
N 



.~ 

~ 
..:. 

A , 

9.14 DEG 

6.00xl0"S 

2.6 

167x49 

Figure 4.29a NACA 0012 Airfoil at M=O.3. with Transition set at 
4.6% chord pitching up at k=O.02 

ALPHA 
Re 

TIME 

GRID 

-tv 
w 



.. ' 

~> 

" 

L a?J77::::s 
~-..... -.. - 9.94 DEG ALPHA 
.--.;;S .... -. 

6.00xIO"S Re 

3.3 TIME 
167x49 GRID 

,-------.-- --. _ ----.- ---. _ _ _I -Ix 

Figure 4.29b NACA 0012 Airfoil at M=O.3. with Transition set at 
4.6% chord pitching up at k=O.02 

-~ 



125 

CHAPTER 5 

CONCLUSION 

The importance of transition in the onset of dynamic stall cannot be over

emphasized. In the current numerical simulations, the transition location determines the 

behavior of the bubble, which, in most cases, is the cause of the onset of dynamic stall 

separation. In the other cases, the elimination of the bubble by a well placed transition 

location, allows a different mechanism to set in. This is probably not obvious in physical 

experiments because of the similar global flow patterns for different dynamic stall onset 

mechanisms. Currently, higher resolution experimental methods are making progress in 

looking beyond the global flow situation and into the fine details of the mechanisms. As 

mentioned, Carr et al. (1991) , using such advanced techniques, has established that, in 

some situations, the bubble remains a significant factor in the dynamic stall development 

and seems to be the first indicator that the dynamic stall process has begun. Thus, the <X. at 

which reverse. flow first occurs bas notable significance. Table 5.1 summarizes such 

values of <X. for typical cases when the bubble is present. 

5.1 Angle of Attack at Flow Reversal as Indicator 

Table 5.1 NACA 64AOlO Airfoil in Constant Pitch-rate Ramp 
<X. at which Reverse Flow frrst Occurs. 

k= D.Ol k = 0.02 
Transition Location M=0.3 M=O.4 M=0.3 M=O.4 
4U% oJ chord 6.0" 6.0" 6.6" 6.7 
0% of chord (L.E.) 9.2" 8.3" 9.6" 8.8" 
Aft of Reverse Flow 7.4" 7.7 10.0 8.3 

The effects of fixing transition location, compressibility and unsteadiness (airfoil motion) 

can be seen at a glance. When transition is set far downstream at 40% chord and the 
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leading edge is laminar. the reverse flow occurs quite early at around 60 and the flow is all 

subsonic regardless of M or k. Hence. there are no compressibility effect. The effect due 

to airfoil unsteadiness is obvious: there is a delay of 0.60 to 0.70 in ex at the higher k. This 

effect of unsteadiness on the boundary layer is present for all-turbulent flows too. 

although diminished to about 0.40 in the delay. Therefore. it is plausible to consider the 

motion has a general influence on the boundary layer to alleviate the effect of the adverse 

pressure gradient. Since the turbulent boundary layer is already more energetic in bringing 

in momentum from outside for counteracting the pressure gradient. naturally adding the 

unsteady effect can only ripe a diminished benefit. 

Compressibility comes into play for the all-turbulent flow because the ex when 

reverse flow first occurs is now higher because of the turbulent boundary layer's ability to 

withstand more adverse pressure. At M=O.3. there is no supersonic region present when 

reverse flow occurs. for either of the pitching rates. even though the corresponding ex is 

as high as 9.60

• But at M=O.4. a supersonic region occupies the first 0.5% chord when 

the reverse flow appears at an ex 0.80 to 0.90 lower than the M=0.3 cases. The bubble. at 

beyond 3% chord. is far enough away from the supersonic region to be directly linked to 

it. So. compressibility seems to have also general. but now detrimental. effect on the 

boundary layer. 

Finally. when the transition location is not fixed. but modeled by identifying 

with the bubble reattachment point. a pronounced interaction effect is seen. At the lower 

reduced frequency. the model raised the ex of first occurrence of reverse flow by a degree 

and a half compared to the laminar cases. But at about 7.5 0

• the flow around the airfoil is 

still totally subsonic and the detrimental compressibility effect is absent. In fact. at the 
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higher Mach number, the delay in ex. is even slightly more. The faster flow actually helps 

the boundary layer a little. 

Now at k=0.02, with the reattachment transition model, the unsteady effect is 

much larger than for the laminar cases (2.6° vs. 0.6°). This is necessary a consequence of 

the movement of the transition location and requires sufficiently fast motion to obtain the 

synergistic effect. The compressibility effect is just as dramatic: most of the benefit from 

the unsteady effect is reversed by the increase of Mach number. The increased 

unsteadiness at M=O.4 results in a delay of 0.6° (same for the laminar cases, which may 

be coincident), whereas the effect of compressibility may promote the onset of reverse 

flow to about 8° to 9° earlier. 

5.2 Problems of Matching Experiments and Simulations 

While the results from the numerical simulations seem consistent and reasonable, 

it should be obvious that the numerical model is at best plausible. The corner stone of the 

analysis is based on the turbulence modeling whose validity envelope is being pushed by 

the simulations here. The algebraic mixing length model is simple to implement and 

efficient in operation, but for modern researchers, using more sophisticated multi

equation models seems to be the trend. However, the accuracy in advanced turbulence 

models may be mooted if the transition can only be set at a fIXed location, and not evolved 

from the flow. 

According to the numerical simulation, with transition location fixed, doubling 

the reduced frequency from k=O.O 1 to k=0.02 causes only a slight delay of around 0.6° in 

the appearance of the bubble. Compared with the large dynamic stall overshoots of 5° to 
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10°, this delay is minimal. The reattachment transition model included here, however 

crude it is, already demonstrates a huge difference from fixed transitions. 

One may argue that transition location can be fixed in physical experiments. 

Unlike numerical simulations, natural transition cannot be precisely localized at a 

stream wise point. There is a always a transition region present in experiments, but absent 

in numerical simulations. In most experiments the transition location is either known or 

measured. When reverse flow occurs at locations so close to the leading edge, within 1 or 

2%, the effect of transition on the bubble development, it's reattachment, and naturally the 

interactions between the them are difficult to record experimentally. The common addition 

of grits or tripping wire is an intrusive process which can alter the flow by itself and not 

just promote the transition. It is often just an assumption that tripping will force an 

immediate transition, and even then, relaminarization is possible. It is also generally 

assumed that a laminar separation bubble at the leading edge of an airfoil will be 

eliminated by forced transition. On a global scale, many current tripping methods may 

seem to produce the same desired result. However, the underlying flow physics may 

differ so much that trying to match experiments with results from numerical simulation 

can be futile. With the advent of the high resolution quantification methods, it may be 

feasible to verify the validity of the assumptions implicit in the design of experiment. 

Until then, matching numerical simulations under one set of assumptions with 

experiments under a different set may be more likely coincidental. 



APPENDIX A 

NOMENCLATURE 

(X = angle of attack 
CX() = amplitude of oscillation 

(x' = rate of change of angle of attack 

a = freestream sound speed 

c = chord length of airfoil 
CI = lift coeficient 
k = reduced frequency (always based on full chord in this work) 

= roclU, for oscillation 
= (X'clU, for ram pitching 

M = local Mach number 

U = freestream velocity 
co = frequency of oscillation 
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APPENDIX B 

LEGEND FOR FLOW FIELD FIGURES 

Dotted Line: 

Dark Patch on airfoil surface: 

Thin Contour: 

Thick Closed Line: 

Graduated Line "y-x": 

= airfoil surface profile. 

= positive vorticity area. 

= extent of reverse flow region and bubble. 

= pressure contour, from 0.4 to 0.8, every 0.05. 

= supersonic region. 

= horizontal scale, 

distance between marks is equal to 0.5% chord, 

full scale is equal to 5% chord. 
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