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The effects of compressibility, pitch rate and Reynolds number on the initial stages 
of two-dimensional unsteady separation of laminar subsonic flow over a pitching 
NACA-0012 airfoil have been studied numerically. The approach involves the sim- 
ulation of the flow by solving the two-dimensional unsteady compressible laminar 
Navier-Stokes equations employing the implicit approximate-factorization algorithm 
of Beam & Warming and a boundary-fitted C-grid. The algorithm has been exten- 
sively validated through comparison with analytical and previous numerical results. 
The computations display several important trends for the ‘birth’ of the primary recir- 
culating region which is a principal precursor to leading-edge separation. Increasing 
the non-dimensional pitch rate from 0.05 to 0.2 at a fixed Reynolds number and 
Mach number delays the formation of the primary recirculating region. The primary 
recirculating region also forms closer to the leading edge. Increasing the Mach num- 
ber from 0.2 to 0.5 at a fixed Reynolds number and pitch rate causes a delay in the 
formation of the primary recirculating region and also leads to its formation farther 
from the airfoil top surface. The length scale associated with the recirculating regions 
increases as well. Increasing the Reynolds number from lo4 to lo5 at a fixed Mach 
number and pitch rate hastens the appearance of the primary recirculating region. 
A shock appears on the top surface at a Reynolds number of lo5 along with the 
simultaneous formation of multiple recirculating regions near the leading edge. 

1. Introduction 
1.1. Overview 

The aerodynamic characteristics (e.g. lift, drag and moment) of an airfoil in unsteady 
motion are significantly affected by the viscous boundary layer. Under certain condi- 
tions, the boundary layer on an airfoil in pitching motion separates from the airfoil 
surface, forming a large concentrated region of vorticity known as the dynamic stall 
vortex. This phenomenon is characterized by dramatic changes in the aerodynamic 
performance (e.g. a rapid change in the moment) of the airfoil, and is of significant 
interest for rotorcraft, for example. 

The focus of the present research is the understanding of the initial (‘incipient’) 
stages of boundary layer separation from a pitching airfoil, with particular emphasis 
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on the details of the separation phenomenon near the leading edge. Improved under- 
standing of the incipient stages of boundary layer separation may lead to methods 
for modification or control of the separation process. 

1.2. Literature review 
The phenomenon of unsteady flow separation on pitching airfoils is not yet completely 
understood. A number of recent research activities have focused on the study of the 
processes leading to the dynamic stall and the dynamic stall phenomenon itself. Com- 
prehensive reviews of advances in the field of computational and experimental studies 
of dynamic stall have been presented by Carr (1988) and Carr & McCroskey (1992). 
Experimental studies have provided very important insights into the physics of the 
dynamic stall process. McCroskey, Carr & McAlister (1976) studied incompressible 
boundary layer separation using oil smoke visualization and described the three 
different types of boundary layer separation observed in the case of an oscillat- 
ing airfoil. Acharya & Metwally (1990) categorized and quantified the sources of 
vorticity. Chandrasekhara & Ahmed (1991) obtained the instantaneous velocity mea- 
surements over an oscillating airfoil in a compressible medium which showed the 
formation of the separation bubble over the airfoil that persists until angles close 
to when the dynamic stall vortex forms and convects. Karim (1992) experimentally 
studied the evolution of the dynamic stall vortex in the vicinity of leading edge 
of a two-dimensional pitching airfoil using smoke wires and studied the pitch rate 
effects on the growth of the dynamic stall vortex. He also investigated the control 
of dynamic stall using suction. Chandrasekhara, Carr & Wilder (1994) used real-time 
point diffraction interferometry to study the compressible dynamic stall over an airfoil 
pitching at a constant rate and observed the appearance of small multiple shocks 
near the leading edge above the shear layer for free-stream Mach numbers above 0.4. 
Crisler, Krothapalli & Lourenco (1994) investigated the unsteady flow over an airfoil 
pitching at a constant rate using a Particle Image Velocimetry (PIV) system and 
identified the role of absolute instability of a separating shear layer in the dynamic 
stall process. 

Computational studies have long been used to improve the understanding of the 
unsteady flow behaviour. Mehta (1977) computed the laminar flow past a oscillating 
airfoil at Reynolds numbers of 5 x lo3 and lo4 to gain insight into the mechanism 
of dynamic stall. Shih et al. (1992) observed that the leading-edge boundary layer 
separation leads to the formation of a vortical structure which dominates the aerody- 
namic performance. Ghia et al. (1992) and Yang et af. (1993) analysed the effect of 
modulated suction or injection in delaying the onset of dynamic stall over pitching 
NACA airfoils. Visbal (1991) presented investigations of flow control by boundary 
layer suction and a moving wall. He also investigated the effect of compressibil- 
ity on dynamic stall and determined that an increase in Mach number reduces 
the stall delay (Visbal 1990). Currier & Fung (1992) found that with increasing un- 
steadiness the delay between static stall angle and dynamics stall onset decreases. 
Van Dommelen & Shen (1980) studied the unsteady separation process and identi- 
fied the evolution of unsteady boundary layer structures by using a Langrangian 
approach. They found the unsteady laminar boundary layer equation to turn singular 
spontaneously at a stationary point. 

Analytical studies have been very helpful in the fundamental understanding of 
unsteady separation and linking the physics with the experimental and numerical 
observations. Doligalski, Smith & Walker (1994) have reviewed some of the impor- 
tant studies conducted on vortex interactions and separation including dynamic stall. 
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Smith (1982, 1988) and Smith & Elliott (1985) described the linear and nonlinear in- 
stability of a leading-edge separation bubble and finite-time breakup of the boundary 
layer. Peridier, Smith & Walker (1991a,h) examined the interaction of a vortex with a 
boundary layer. Improved understanding of the temporal and spatial scales associated 
with the dvnamic stall Drocess have been obtained from these studies. 

1.3. Research objective 
The main nhiective nf the nresent nanpr i s  i m n r n v d  iindcrstnndino nf the effects nf 

leading-edge boundary layer separation for a pitching airfoil. An NACA-0012 airfoil 
has been selected, consistent with previous computational and experimental studies. 
The three-dimensional parameter space of Mach number, pitch rate and Reynolds 
number has been investigated. The seven points studied in the three-dimensional space 
are indicated by solid circles in figure 1. Some of the previous laminar Navier-Stokes 
simulations of a pitching airfoil of other researchers have also been indicated on 
the figure. Computations have been performed using the approximate-factorization 
algorithm of Beam & Warming (1978) employing a boundary-fitted grid system. The 
algorithm is implicit and second-order accurate in space and time. The airfoil is 
pitched about the quarter-chord axis. The flow conditions for the seven computed 
cases were chosen on the basis of simplicity and feasibility. The Reynolds numbers 
were selected to ensure laminar flow. The Mach numbers were chosen to obtain 
subsonic flow in one case and regions of supersonic flow in the other case. The 
studies were conducted with special emphasis on understanding the leading-edge 
separation, of course. The boundary layer separates near the trailing edge very early 
in the pitch-up motion, but for most of the cases it is the separation of the boundary 
layer near the leading edge which is responsible for the eventual dynamic stall process. 

The previous study of Ghosh Choudhuri, Knight & Visbal (1994) at Re, = lo4, 
M ,  = 0.2, and non-dimensional pitch rate i2: = 0.2 (where D+ = i2c/Um, where D 
is the pitch rate in rad s-', c is the chord length, and U ,  is the free-stream velocity) 
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Outer boundary 

FIGURE 2. C-grid configuration and the computational boundaries. 

reported the appearance of the primary recirculating region (a flow structure pos- 
sessing vorticity with closed streamlines) to be a very important development leading 
to the separation process. The primary recirculating region eventually separates from 
the airfoil surface to give rise to the dynamic stall vortex. Therefore, the appearance 
of the primary recirculating region has been closely monitored in the present study. 

This study differs from previous computational studies in the following aspects : 
it is a comprehensive study of the expanded three-dimensional parametric space of 
Mach number, pitch rate and Reynolds number; the initial stages of the development 
of the boundary layer leading to the development of the dynamic stall vortex have 
been studied. 

2. Definition of the problem and details of computations 
The focus of the research is understanding the effect of compressibility, pitch rate 

and Reynolds number on the incipient separation for viscous flow past a NACA-0012 
airfoil pitching about the quarter-chord axis, The flow and C-grid configurations are 
shown in figure 2. The pitching motion of the airfoil which was initiated after the 
flow field had been fully established at x = 0" was defined by 

a(t) = Qo(1 - exp(-4,6t/to)) (2.1) 

where SZ is the pitch rate in rad SKI, to is the time at which has reached 99% of the 
asymptotic value SZo. The functional form of Q(t) provides a smooth acceleration of 
the airfoil to its asymptotic pitching rate during an effective time interval to .  In this 
study, t o  was set equal to 0.5c/Um, which corresponds to 4.57" of pitch. As indicated 
in $3, this ensures that the airfoil pitching rate has reached a constant value long 
before the incipient separation at the leading edge. 

An extensive grid refinement study was conducted for each of the cases studied 
(details in $2.4). Complete details of the grids employed for the different cases are 
given in table 1. A total of seven cases were studied (figure 1). The accuracy of the 
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Case Reynolds Mach Pitch Grid Nt N ,  Anlc ASIC NBL 

1 104 0.2 0.2 a 637 181 1.0 1.69 64 
b 1011 181 1.0 0.84 64 
c 637 325 0.5 1.69 112 

2 104 0.2 0.1 a 1037 181 1.0 1.025 58 
b 2073 361 0.5 0.511 115 

3 104 0.2 0.05 a 1037 181 1.0 1.025 58 
b 2073 361 0.5 0.511 115 

4 104 0.5 0.2 a 1037 181 1.0 1.025 58 
b 2073 361 0.5 0.511 115 

5 104 0.5 0.1 a 1037 181 1.0 1.025 58 
b 2073 361 0.5 0.511 115 

6 1 04 0.5 0.05 a 2073 159 2.0 0.509 44 
b 4145 317 1.0 0.252 88 

7 105 0.5 0.2 a 2073 337 0.05 0.509 124 
b 4145 673 0.025 0.252 247 

number number number rate ( x  104) ( X  103) 

TABLE 1. Details of the grids: Nc, Number of points in (-direction; N,,  Number of points in 
q-direction; An, average normal distance of points next to airfoil; As, minimum tangential distance 
of points on airfoil; NBL,  number of points in boundary layer measured normal to airfoil surface 
at mid-chord for ct = 0". 

computations was assessed for each case based on the comparison of the results for 
two grids with successive refinement. A non-dimensional time step At+ = AtU,/c = 
1.0 x was employed for all cases. The computed results were found to be 
insensitive to the time step selected. 

The seven cases were chosen to study and understand the effects of compressibility, 
pitch rate and Reynolds number on the incipient separation process. In cases 1-3 
and 4-6, the pitch rate is decreased while keeping the Reynolds and Mach numbers 
constant, while in cases 1 and 4, 2 and 5, 3 and 6, the Mach number is increased 
from 0.2 to 0.5 while the Reynolds number and pitch rate are fixed. Cases 4 and 7 
are computed at different Reynolds number while the Mach number and the pitch 
rate are fixed. The Reynolds numbers chosen for this study are in the laminar flow 
region (Carr & Chandrasekhara 1995). 

2.1. Governing equations 
The governing equations are the two-dimensional unsteady compressible laminar 
Navier-Stokes equations written in strong conservation form (Steger 1978). The flow 
equations are written in an inertial frame of reference and the motion of the airfoil is 
included through a general time-dependent coordinate transformation = c(x, y ,  t) ,  
r] = q ( x ,  y ,  t ) ,  and z = t (figure 2). The flow variables are non-dimensionalized using 
the dimensional reference quantities c (chord length), pm (density), and u, (free-stream 
velocity). The dynamic molecular viscosity is assumed to satisfy Sutherland's relation 
(White 1974). The temperature, pressure and density satisfy the ideal gas equation. 
The Prandtl number is constant ( P r  = 0.73). 

2.2. Numerical algorithm 
The implicit approximate-factorization method of Beam & Warming (1978) is em- 
ployed to solve the governing equations on a structured, boundary-fitted grid. The 
algorithm is implemented in the delta form with central spatial and trapezoidal 
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temporal differencing to achieve second-order spatial and temporal accuracy. Fourth- 
order explicit and second-order implicit numerical dissipation terms (Pulliarn 1986) 
are incorporated to eliminate spurious numerical oscillations, The sensitivity of the 
results to the values of the dissipation coefficients was assessed (Ghosh Choudhuri 
et al. 1994) to check that the dissipation terms do not affect the solution. The Geo- 
metric Conservation Law (GCL) (Thomas & Lombard 1979) is implemented in the 
algorithm to eliminate the grid-movement-related errors in the governing equations 
due to the pitch-up motion of the airfoil. 

2.3. Boundary conditions 
Along the boundaries of the computational domain, suitable boundary conditions are 
incorporated. The C-grid has numerical boundaries at the airfoil surface, the outer 
boundary, and on a branch cut in the wake region (figure 2). At the airfoil surface, the 
no-slip condition is applied to the velocity and the temperature is determined from 
the adiabatic condition (the normal temperature gradient is zero at the surface). The 
normal pressure gradient is obtained from the momentum equation and incorporates 
the effect of the airfoil motion (Visbal & Shang 1989; Visbal 1990). At the C-grid 
branch-cut, the flow variables are solved implicitly and the periodicity condition is 
imposed. At the outer boundary of the computational domain, a one-dimensional 
unsteady Method of Characteristics boundary condition is employed (Thomas & 
Salas 1986). The boundary conditions are imposed explicitly except at the C-grid 
branch-cut. The outer boundary is defined at a sufficiently large distance from the 
airfoil to ensure accuracy of this boundary condition (Ghosh Choudhuri et al. 1994). 

The code was developed from the original code of Visbal (1986a,b). Modifica- 
tions include the incorporation of a C-grid, the Method of Characteristics boundary 
condition at the outer boundary, and the Geometry Conservation Law. 

2.4. Grid generation 
The boundary-fitted C-grid was generated by the hyperbolic grid generation code 
developed by Kinsey & Barth (1984). The hyperbolic grid generation solver produces 
nearly orthogonal computational grids over arbitrary two-dimensional bodies and 
provides good control of the grid spacing. Detail of the algorithm can be found in 
Steger & Chaussee (1980). The distribution of points on the airfoil and the wake 
region, normal grid spacing at the airfoil surface, the outer boundary distance, the 
number of points in the 5- and q-directions, and the exponential stretching factor in 
the y-direction are specified to obtain the computational grid. The grid is fixed with 
respect to the airfoil and therefore pitches with it. 

2.5. Vcllidation of the algorithm 
A series of steady and unsteady test computations established the accuracy of the 
algorithm, including the effects of spatial and temporal resolution, damping coef- 
ficients, and the outer boundary distance of the computational domain from the 
airfoil surface. The test computations included a flat-plate laminar boundary layer, 
a stationary NACA-0012 airfoil, and a pitching NACA-0015 airfoil. Details are pre- 
sented in Ghosh Choudhuri et al. (1994). A separate computation was also conducted 
using an unstructured grid algorithm for Case 1 (Ghosh Choudhuri et al. 1994). The 
streamline plots showed close agreement between the structured and unstructured grid 
computations, which lends substantial credibility to the accuracy of the algorithm. 

Extensive grid refinement studies were performed for each computation that in- 
dicated achievement of highly accurate solutions. Computations were performed on 
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Case 
number 

1 
2 
3 
4 
5 
6 
7 

Root-mean-square Range of 
error (YO) 'z (deg.1 

1.4 
1.1 O < a < 2 1  
1.6 
1.6 
2.1 O < a < 2 1  
1.3 O < u < 1 8  
3.8 

0 < CI < 22.5 

0 < c( < 16.5 
0 < u 4 25.5 

0 < CI < 19.5 

TABLE 2. Comparison of lift, drag and moment coefficients between the different grids. 

two separate grids for each case, with Grid b representing a two-fold refinement of 
the grid in both the 5 -  and q-directions relative to Grid a (except in Case 1, where 
Grids b and c represent an approximately by twofold refinement of the grid in either 
the 5- or q-direction relative to Grid a). A comparison of lift (q), drag (cd), and 
moment (cmsc) coefficients showed very close agreement between successively refined 
grids for all the seven cases as shown in table 2. The flow variables for the two grids 
were also compared at different locations in the flow field. The agreement between 
the grids was found to be excellent for all cases. Typically, the flow variables agreed 
to within 34Y0 for the two grids. 

3. Results 
The flow structures observed in the seven cases studied are described in the following 

subsections. The results presented here correspond to Grid b. The instantaneous 
streamlines are plotted based on a reference frame attached to the airfoil. (The 
instantaneous streamlines have not been plotted to scale in order to show all flow 
details.) The origin of the coordinate axis is the quarter-chord point. The airfoil- 
attached reference frame allows an unambiguous definition of forward and reversed 
flow within a thin unseparated boundary layer, since the velocity of the fluid at the 
airfoil surface is zero. Forward flow is defined as fluid moving toward the trailing 
edge, and reversed flow indicates fluid moving toward the leading edge. 

3.1. Case 1 : Re, = lo4, M ,  = 0.2, = 0.2 
The details of the flow field for this case have been presented in Ghosh Choudhuri 
et al. (1994). The instantaneous streamlines at a = 14.5", 19.5", and 22.5" are shown 
in figure 3(a-c). At SI = 14.5", the flow on the upper surface in the vicinity of the 
leading edge has a thin reversed flow region extending to the 7% chord position. A 
clockwise-rotating primary recirculating region can be seen near the leading edge on 
the upper surface at GI = 19.5'. The counterclockwise-rotating secondary recirculating 
region appears beneath the primary recirculating region and a clockwise-rotating 
tertiary recirculating region between the leading edge and the primary recirculating 
region at a = 22.5". The emergence of the primary recirculating region is traced to 
the appearance of a pair of critical points (which are defined as points in the velocity 
field where u = v = 0 in a reference frame attached to the airfoil) within the flow field 
at a = 14.99' ( t  = 1.416) at the 18% chord location and a distance 2.5 x 10-3c above 
the airfoil surface. In figure 4, the close-up of the instantaneous streamlines at CI = 15" 
shows the structure of the primary recirculating region just after its birth. The primary 
and secondary recirculating regions interact with each other to eject the fluid close 
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FIGURE 3. Instantaneous streamlines (Re, = lo4, M ,  = 0.2, 0,' = 0.2; Case 1): 
(a)  O! = 14.5", t = 1.373; (b)  O! = 19.5", t = 1.809; (c )  x = 22.5", t = 2.071. 
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FIGURE 4. Instantaneous streamlines at CI = 15", t = 1.417 
(Re, = lo4, M ,  = 0.2, = 0.2; Case 1). 
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FIGURE 5. Instantaneous streamlines over the entire airfoil at 0: = 22.5", t = 2.071 
(Re, = lo4, M ,  = 0.2, a,+ = 0.2; Case 1) 

to the airfoil surface in a direction approximately normal to the wall, thus leading to 
boundary layer separation (Peridier et al. 1991a,b). The primary recirculating region 
eventually detaches from the airfoil surface and becomes the dynamic stall vortex. 
The developments near the leading edge are relatively isolated from the developments 
on the aft portion of the airfoil by a region of attached flow (figure 5 ) .  

3.2. Case 2 : Re, = lo4, M ,  = 0.2, SZ: = 0.1 
The instantaneous streamlines are shown in figure 6(a,b) for a = 15" and 17", 
respectively. At a = 15", the primary recirculating region is seen. The clockwise- 
rotating primary recirculating region forms at CI = 14.29" ( t  = 2.600) at 27% chord 
and a distance 1.25 x 1OV2c above the wall. At a = 17", a counterclockwise-rotating 
secondary recirculating region forms below the primary recirculating region at the 
16% chord position. The primary recirculating region has grown normal to the airfoil 
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FIGURE 6. Instantaneous streamlines (Re, = lo4, M ,  = 0.2, SZ: = 0.1; Case 2): 
(a) CI = 15', t = 2.725; (h)  CI = 17", t = 3.074. 

surface and also moved toward the leading edge. The instantaneous streamlines at 
a = 18" (not shown here) indicate the development of a clockwise-rotating tertiary 
recirculating region on top of the secondary recirculating region in between the 
leading edge and the primary recirculating region. The flow structures are similar to 
Case 1 (a: = 0.2). However, the primary recirculating region appears at a smaller 
angle as compared to Case 1. Also, the structures form farther away from the leading 
edge and toward the trailing edge on the upper surface in Case 2. 

= 0.05 3.3. Case 3 : Re, = lo4, M ,  = 0.2, 
The instantaneous streamlines over the entire airfoil are shown in figure 7(a-c) for 
a = 10.5", 12", and 13.5", respectively. The reversed flow extends over the entire airfoil 
upper surface at c1 = 10.5". The trailing-edge recirculating region stretches along the 
airfoil upper surface and breaks down into multiple recirculating regions at c1 = 12" 
extending over the entire airfoil top surface. Unlike Cases 1 and 2 (which are at a 
higher pitch rate), the flow developments near the trailing edge are not isolated from 
the developments near the leading edge. Also, the recirculating regions appear far 
from the wall (average distance of 4.0 x 1OP2c). The instantaneous streamlines at 
a = 13.5" demonstrate the increase in size of the multiple recirculating regions in the 
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transverse direction with increase in the angle of attack, giving rise to breakdown of 
the entirc upper-surface boundary layer. The development of the flow structure which 
gives rise to the dynamic stall vortex is not isolated in the leading edge only and 
appears over the entire airfoil upper surface, which is different from Cases 1 and 2. 

3.4. Case 4 : Re, = lo4, M ,  = 0.5, = 0.2 

The instantaneous streamlines over the front 50% of the airfoil are shown in fig- 
ure 8(a-c) for a = 19.5", 22.5", and 25.5", respectively. The reversed flow region 
observed over the airfoil upper surface for this case is much thicker than the reversed 
flow region at M E  = 0.2 (Cases 1 and 2). At a = 19.5", the primary recirculating 
region has formed; it appears first at a = 18.8" ( t  = 1.748) at the 30% chord position 
and a distance 1.7 x 10-2c from the airfoil surface. The secondary recirculating region 
can be seen at a = 22.5"; it develops below the primary recirculating region which 
expands normal to airfoil surface. At x = 25.5", the tertiary recirculating region ap- 
pears above the secondary recirculating region and the primary recirculating region 
is pushed farther from the airfoil surface, In this case, the vortical structures have a 
larger length scale than Case 1 or Case 2. Again, the development of the flow field is 
very similar to Cases 1 and 2, but with a delay. 

3.5. Case 5 : Re, = lo4, M ,  = 0.5, SZ; = 0.1 
The instantaneous streamlines at a = 15", 16.5", 18", and 19.5" over the leading 70% 
of the airfoil are shown in figure 9(a-d). At a = 15", a thick reversed flow region 
is observed over the entire upper surface. The primary recirculating originates at 
a = 15.65" (t = 2.839) at the 44% chord position and a distance 3.8 x lO-*c above the 
airfoil surface. The primary recirculating region is observed to have developed at a = 

16.5", and the secondary recirculating region forms below the primary recirculating 
region (a  = 18"). At a = 19.5", the tertiary recirculating region can be seen. The 
secondary recirculating region separates the primary recirculating region from the 
tertiary recirculating region. The separation process is again observed to be similar 
to Cases 1, 2, and 4. The principal differences are that the structures form farther 
away from the leading edge compared to the other three cases, and the length scale 
associated with the flow structures is substantially greater. 

3.6. Case 6 : Re, = lo4, M ,  = 0.5, 0; = 0.05 
The instantaneous streamlines over the entire airfoil upper surface are shown in 
figure 1O(a-c) for a = 12", 1 3 9 ,  and 15", respectively. At CI = 12", two separate 
recirculating regions are present near the trailing edge and the reversed flow extends 
over the entire airfoil upper surface. The fore recirculating region forms from the 
breakup of the trailing-edge recirculating region. The recirculating region attached at 
the trailing edge is shed in the wake at a = 13.5", while the other one expands and is 
still attached to the airfoil surface. With increase in a to 15" two more recirculating 
regions appear. The development of the flow structures in this case resembles Cases 
1, 2, 4, and 5. However, the flow structures are not confined to only a part of the 
airfoil upper surface: the primary recirculating region appears near the trailing edge 
and extends over the entire airfoil surface before breaking down into secondary and 
tertiary recirculating regions. 

3.7. Case 7 : Re, = lo5, M ,  = 0.5, SZ: = 0.2 
The instantaneous streamlines are presented for a = 15", 18", 19", and 19.5" in 
figure l l ( u - 4 .  The instantaneous streamlines at a = 15" (figure 11) show the presence 
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FIGURE 9 (u, b ) .  For caption see facing page. 

of the primary recirculating region near the leading edge in the close-up figure of the 
boxed region; it forms at 01 = 14.9" (t = 1.407) as compared to CI = 18.8" for Case 4, 
and expands in a direction normal to airfoil surface with increase in CI- This can be 
observed at c( = 18". At 01 = 19", the secondary and tertiary recirculating regions are 
also evident. Up to CI = 19", the development of the flow field is very similar to Cases 
1, 2, 4, 5 and 6. However, at 01 = 19.5", multiple recirculating regions are seen attached 
to the airfoil surface. Similar results have been reported in an analytical study by 
Smith (1982) and in a numerical study by Ghia et ul. (1992) at Re, = 4.5 x lo4, where 
the simultaneous appearance of multiple recirculating regions near the leading edge 
at high Reynolds numbers was found. The pressure coefficient contours at a = 18", 
and 19.5" in figure 12(a,b), respectively, show the appearance of a shock in the flow 
field at 01 = 19.5". Examination of the Mach contours and the divergence of velocity in 
the flow field (not shown here) also indicate a shock, which appears between 01 = 19" 
and 01 = 19.5". A separate inviscid computation similarly showed the appearance of 
a shock near the leading edge, which proves that the shock appearance is an inviscid 
phenomenon. For the inviscid case, the shock appears at a smaller angle of attack 
and nearer to the leading edge than in the viscous case. The length scale associated 
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FIGURE 9. Instantaneous streamlines (Re, = 104, Mm = 0.5, = 0.1; Case 5 ) :  
(a) CI = 15", t = 2.725; (b )  CI = 16.5", t = 2.987; (c) ~1 = 18", t = 3.249; (d) CI = 19.5", t = 3.511. 

with the recirculating regions in this case is observed to be very small as compared 
to those in the other cases. 

3.8. Effect of compressibility 
The results indicate important trends related to the increase in Mach number. In 
Cases 1 and 4, 2 and 5, the pitch rate and Reynolds number are fixed while the Mach 
number is increased from 0.2 to 0.5. Increasing the Mach number (at fixed Reynolds 
number and pitch rate) causes the primary recirculating region to form farther from 
the airfoil surface and delays its formation. Sankar & Tassa (1981) also saw a delay 
in the formation of the 'leading edge vortex' (primary recirculating region) when the 
Mach number was increased from 0.2 to 0.4 at Re, = 5.0 x lo3. Figure 13 displays 
the angle at which the primary recirculating region first appears as a function of 
the pitch rate for two different Mach numbers at Re, = lo4. At a constant pitch 
rate, the formation of the primary recirculating region is delayed to higher angles 
when the Mach number is increased from 0.2 to 0.5. The surface pressure coefficient 
was compared to study the effect of Mach number. Figure 14 shows that for a fixed 
pitch rate and Reynolds number, increasing the Mach number causes a decrease in 
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(a )  M = 12", t = 4.296; (b)  CI = 13.5", t = 4.820; (c) CI = 15", t = 5.343. 
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the leading-edge suction pressure coefficient which in turn results in a lower adverse 
pressure gradient on the airfoil upper surface. The decreased adverse pressure gradient 
on the top surface at higher Mach numbers retards the movement of the reversed 
flow region toward the leading edge but increases the thickness of the reversed flow 
region and eventually delays the formation of the primary recirculating region. The 
length scale associated with the flow structures increase as well. The decrease in 
the magnitude of the leading-edge suction pressure coefficient is primarily due to the 
compressibility effects on the boundary layer, which increase the effective radius of the 
leading edge of the airfoil. This is opposite to the behaviour expected from a quasi- 
stationary application of the Prandtl-Glauert rule, where C,,/C,, = 1/(1 - M2)1/2 
(C,,% is the pressure coefficient for a compressible case of Mach number A4 and C,, is 
the pressure coefficient for an incompressible case). 

3.9. EfSect of pitch rate 
The flow field is strongly dependent on the pitch rate. Comparison of Cases 1, 2 
and 3, or 4, 5 and 6 exhibits the effects of the pitch rate at a fixed Mach number 
and Reynolds number. The pitch rate is decreased from 0.2 to 0.05 in cases 1-3 and 
4-6. Increasing in the pitch rate of the airfoil delays the formation of the primary 
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FIGURE 11. Instantaneous streamlines (Re, = lo5, M ,  = 0.5, 0; = 0.2; Case 7): 
(a )  = 15", t = 1.417; (b) a = 18", t = 1.678; (c) a = 19", t = 1.765; (a) a = 19.5", r = 1.809 

recirculating region to higher angles of attack. The primary recirculating region forms 
closer to the leading edge on the upper surface. It is also observed that a decrease in 
the pitch rate causes the transition from a predominantly leading-edge separation to a 
complex separation over the entire airfoil. Figure 13 shows the delay in the formation 
of the recirculating region with increase in pitch rate at constant Mach number and 
Re, = lo4. It should be noted that the delay in the formation of the recirculating 
region to higher angles does not mean that there is an increase in the actual time 
from start of pitch-up to the appearance of the recirculating region (the pitch rate is 
different). At higher pitch rates, there is a decrease in the adverse pressure gradient 
on the upper surface of the airfoil (figure 15), which slows down the development 
of the reversed flow region and delays the appearance of the primary recirculating 
region to a higher angle. 

3.10. Effect of Reynolds number 
The flow field is sensitive to the change in Reynolds number. Cases 4 and 7 are 
compared to study the effect of an increase in Reynolds number at a fixed Mach 
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FIGURE 14. Comparison of the surface pressure coefficient at a =  16.5" for two different Mach 
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FIGURE 15. Comparison of the surface pressure coefficient at a = 13.5" for two different pitch rates 
(Re, = lo4, Ma = 0.2). 

number and pitch rate. Increasing the Reynolds number hastens the appearance of 
the primary recirculating region and decreases the length scale of the flow structures. 
The primary recirculating region forms closer to the leading edge on the upper surface 
at higher Reynolds number. At Re, = lo5 amd M ,  = 0.5, a shock appears on the 
top surface. The appearance of the shock was found to be an inviscid phenomenon. 
Multiple recirculating regions develop simultaneously near the leading edge at higher 
Reynolds number and cause a complex separation of the boundary layer. Up to the 
formation of the shock, the evolution of the flow field is identical in both cases except 
for the lag. The formation of the recirculating regions near the leading edge is not 
induced by the shock. Chandrasekhara et a/. (1994) observed the presence of similar 
shocks near the leading edge at M ,  = 0.45 and Re, = 3.6 x lo5, in experiments. 
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Case 

l c  
2b 
3b 
4b 
5b 
6b 
7b 

Memory (Mw) 

9.8 
34 
34 
34 
34 
60 
128 

CPUtime (in hours) 
'Steady' state at CI = 0" Pitching motion 

2 
t 
5 
34 12 

19 
7 

$: 
21 

12 
36 

$: 
51 
103 22 

t The flowfield at CI = 0" is not precisely steady, since there is periodic vortex shedding from the 
trailing edge. The figures listed represent the CPU time required to achieve the periodic state. 
$ Separate computation of 'steady' state not required. 

TABLE 3. CPU and memory requirements for the computations on a Cray C90 

3.11. Code performance 

The Navier-Stokes solver is fully vectorized and was run on the Cray C90. Some 
typical CPU time and memory requirements for the computations are shown in 
table 3. The solver has a sustained performance of approximately 380 MFLOPS. 

4. Conclusions 
The effects of compressibility, pitch rate and Reynolds number on the initial stages 

of boundary layer separation on a NACA-0012 airfoil pitching about its quarter- 
chord position have been studied numerically. The principal results of the study are 
as follows. 
(ij Mach number 

Increasing the Mach number from 0.2 to 0.5 (at fixed Reynolds number and pitch 
rate) delays the formation of the primary recirculating region and causes it to form 
farther from the airfoil surface. The compressibility effects on the boundary layer 
result in a decrease in the magnitude of the leading-edge suction pressure coefficient 
and a consequent decrease in the adverse pressure gradient on the upper surface. The 
decrease in adverse pressure gradient retards the movement of the reversed flow region 
towards the leading edge and hence delays the formation of the primary recirculating 
region. 
(iij Pitch rate 

Increasing the pitch rate from 0.05 to 0.2 (at fixed Mach number and Reynolds 
number) causes the transition from trailing-edge separation to leading-edge separa- 
tion. 

Increasing the pitch rate delays the formation of the primary recirculating region to 
higher angles of attack. This is due to the decrease in the adverse pressure gradient on 
the airfoil upper surface which retards the development of the reversed flow region on 
the upper surface and the formation of the primary recirculating region. The primary 
recirculating region also appears closer to the leading edge. 
(iii) Reynolds number 

Increasing the Reynolds number from lo4 to lo5 (at fixed Mach number and pitch 
rate) hastens the appearance of the primary recirculating region and decreases the 
length scale of the flow structures. 
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Multiple recirculating regions appear simultaneously near the leading edge. 
(iv) Shock wave 

A shock appears on the top surface at Re, = lo5, h4, = 0.5, and SZ: = 0.2 at 
CI = 19.5". A separate inviscid computation also showed a similar appearance of 
shock, implying that the formation of the shock is an inviscid phenomenon. For the 
inviscid case, the shock appears closer to the leading edge and also at a smaller angle 
of attack compared to the viscous case. 

The formation of the recirculating regions near the leading edge was found not to 
be induced by the shock. 
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