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A direct numerical simulation of transitional/turbulent flow on a low-speed turbine airfoil is presented here. The

nonconservative form of the Navier–Stokes equations for compressible flows is used for this simulation. The

numerical method used to solve these equations is a high-order-accurate upwind-biased iterative-implicit finite-

difference scheme and is also presented here. The algorithm and the simulation are extensions of earlier efforts in

direct simulations of transition and turbulence on flat plates. The present investigation has additional features, such

as surface curvature, an adverse pressure gradient region on the airfoil, and trailing-edge vortex shedding. The

results provided in the paper include the time-averaged pressure and the Stanton number distribution on the airfoil

surface and turbulence statistics and flow visualization in the transitional/turbulent regions. Comparisons with

experimental and computational data obtained for flows over flat plates and in channels are provided. The results

indicate that the essential features of transition and turbulence have been captured.

Introduction

C URRENTLY, most of the computational fluid dynamics
analyses of propulsion-related flows are performed with the

Reynolds-averaged Navier–Stokes (RANS) equations. On occasion,
large eddy simulations (LES) are used to more accurately capture the
underlying physics. The effects of transition and turbulence are
modeled in both these approaches. These model-based computa-
tional techniques yield approximations to the true flow physics.
Direct numerical simulations (DNS) of transition and turbulence,
wherein all the relevant scales are computed, have been limited to
simple geometries and low to moderate Reynolds numbers. Direct
simulations of transitional/turbulent flows require grids that provide
accurate resolution of the smaller scales (typically about 15 to 25
times the Kolmogorov length scale in turbulent flow) while
simultaneously encompassing the entire computational region. In
high Reynolds number flows the smaller scales are significantly
smaller than the largest scales and the computational region. This
disparity in scales necessitates large grids and, consequently, large
computational resources.

There are many complex phenomena in flow through turboma-
chinery that require DNS in order to truly capture the underlying
physics. Rotor–stator interaction with the attendant turbulent wake–
blade interaction and vortex shedding at trailing edges of blades in
rotating machinery are just a couple of flow phenomena that require
a nonmodeling approach. They contribute to the acoustics and
unsteady heat transfer and loads on the machine and can have a
significant effect on reliability, safety, and maintenance costs. Direct
simulations of such flows are required for both analysis and assess-
ment of advanced designs that address efficiency, safety, and lifetime
costs. Fortunately, there are two mitigating factors. First, the Rey-
nolds numbers encountered in rotating machinery are moderate
(typically less than 2:0 � 106, based on blade chord) and much
smaller when compared with those found in external flows. Second,
currently available computational resources are sufficient to perform

direct simulations of some of the simpler problems encountered in
flow through turbomachinery.

There has been somework in the last few years in performingDNS
of turbomachinery airfoil sections. These efforts primarily deal with
blade rows from low-pressure turbines (LPTs), for which the flow on
the suction side of the airfoil is largely transitional in nature because
of the lowReynolds numbers involved. The flow on the pressure side
continues to be a subject of research. Here, we review the most
relevant ones. In [1], simulated wakes (obtained from a DNS of a
temporally evolving wake) are used to compute wake–blade
interaction in the case of a LPT blade. The Reynolds number for this
case is 148,000, based on the axial chord length. The Navier–Stokes
equations (incompressible form) are solved on a staggeredmesh. The
main emphasis of this study is the evolution of thewake as it is travels
through the turbine passage and its effect on both the suction and
pressure sides of the airfoil. A discussion of the effect of the principal
stresses associated with the base flow on the evolution of the wake is
provided. It is argued that soon after thewake enters the turbine stage,
the wake segment close to the pressure surface is subjected to
stretching along its axis and compression perpendicular to this axis.
This results in an alignment of the vortical structures in this segment
of the wake along the axis of the wake. This process continues, and
even intensifies as this portion of the wake travels downstream,
because of the accelerating flow on the second half of the pressure
side. On the contrary, the central portion of the wake that forms a
bowed shape (apex)finds itself in a regionwhere compression occurs
along the axis of thewake.Based on earlierwork [2] on plane strained
wakes and the computed DNS data, Wu and Durbin [1] explain the
resulting intensification of turbulence and the enlargement of the
region occupied by the bow of the wake. The effect of the highly
stretchedwake on the pressure surface, the generation of near-surface
streamwise vortices, and their effect on the neighboringflow and heat
transfer are discussed in detail. The authors assert that the streamwise
vortex pairs found adjacent to the pressure surface are not derived
from a Gortler instability but are a forced response to the incident
wake. Transition on the suction surface via bypass transition
mechanisms is also discussed briefly. In [3,4], the LPTairfoil of [1] is
used to performDNSof the associatedflow.The incompressible form
of the Navier–Stokes equations are solved with a second-order-
accurate central difference scheme in conjunction with a three-step
Runge–Kutta method for time integration. The emphasis in these
studies is the separation on the suction side resulting from a higher
angle of attack and lower Reynolds number.

In a more recent effort [5], that is similar to the one of [1] but
mimics the experiments of [6,7], the authors report on a DNS of low
Reynolds number flow (72,000 based on the chord) past a turbine
airfoil with incoming wakes. Here again, as in [1], the wakes are
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simulated wakes that are introduced into the computation via
appropriate boundary conditions. A second-order-accurate central-
finite-volumemethod is used to solve the incompressible form of the
Navier–Stokes equations. A three-stage Runge–Kutta method is
used for time integration. The emphasis of this study [5] is airfoil
surface heat transfer and the related flow mechanisms. Phase-
averaged statistics were found to indicate significant reductions in
shape factor and increases in the turbulent shear stress and kinetic
energy in the boundary layer on the first half of the suction side of
the airfoil because of wake–blade interaction. The effect of the
interaction was much less pronounced further downstream on the
suction side, where the flow is mildly turbulent at all phases, and on
the entire pressure side.

In [8], themethod of [1] is used to perform aDNSofflow through a
linear compressor cascade. The emphasis here is the study of
transition mechanisms on the pressure surface (pressure gradient is
adverse for the first 80% of the chord) and the suction surface
(pressure gradient is initially favorable up to 20% of the chord,
followed by an essentially adverse pressure gradient all theway to the
trailing edge). In the presence of a prescribed level of freestream
turbulence, the flow was attached on the pressure surface and
exhibited laminar separation followed by turbulent reattachment
between 60 and 70% chord on the suction side. The transition
processes involved on the two surfaces are discussed in detail in [8].

In the present study, the emphasis is on solving the compressible
form of the Navier–Stokes equations using a high-order-accurate
fully implicit upwind-biased finite-difference method. The natural
dissipation of themethod removes the requirement of added artificial
dissipation, filters, and dealiasing schemes without unduly affecting
solution accuracy. The high-order accuracy of the method both
reduces the number of grid points required to obtain a given level of
solution accuracy and also reduces the amount of dissipation. The
implicit nature of the method permits the use of fairly large Courant
numbers, thus further reducing computational requirements. Here,
we present the high-resolution/high-accuracy method of the solution
(including the basic method and boundary conditions). The finite-
difference methodology presented here is used in the context of
multiple computational zones, which together comprise the comput-
ational region. The use of multiple zones greatly simplifies the grid
generation process. The present effort includes code development for
general geometries and efficient code implementation on parallel
computers. An important objective of this study is to determine the
computability of turbomachinery flows on currently available, mas-
sively parallel computers. The creation of a database for turbulence
and transition modeling is also an integral part of this effort.

This research is an extensionofworkdone in the1990s ([9,10]); the
earlier investigations focused on flows associated with simple
geometries, such as rectangular channels and flat plates. The current
work addresses general geometries and flows in rotating machines.
The high-order method and a corresponding computer program are
used to perform a DNS of subsonic flow over a turbine airfoil. This
airfoil is representative of a stator in a high-pressure turbine (HPT)
with a relatively higher-flow Reynolds number than the LPT cases
discussed earlier. The corresponding flow exhibits laminar, transi-
tional, and turbulent regions and hence possesses characteristics
found in more complex flows. One of the goals of this study is
accurately computing transition to turbulence and the turbulent flow
downstream.Transition isachievedhereviawallblowingandsuction.
The magnitude of blowing/suction was adjusted, so that transition
occurred at the end of the favorable pressure gradient region on the
suctionsideof theairfoil.Thiscorresponds toanexperimentdescribed
later to a case without grid-generated turbulence. The ability of the
high-order-accurate upwind-biased method in computing bypass
transition is demonstrated in [10]. Bypass transition is prevalent in
turbomachineryflows,becausewake-induced transition isusuallyvia
thebypassmodebecauseof thehigh levelsof turbulent intensity in the
wakes. However, the methodology presented here can also be used
effectively to compute other modes of flow transition. An example of
the growth of small amplitude disturbances in a flat plate boundary
layer, and the excellent agreement of the computed results with linear
theory, are also provided in [10]. Obtaining accurate temperature and

velocity statistics in the turbulent region downstreamof the transition
is another goal of the present study. The results presented here for the
turbine airfoil include surface pressure and heat transfer, turbulence
statistics in the transitional and turbulent regions, as well as the
development of the spanwise vorticity field.

In a single-stage low-speed turbine/compressor, interaction effects
on the upstream stator are primarily due to the potential effect (caused
by the relativemotion between stator and rotor airfoils). On the other
hand, the downstream rotor is subjected to wake–blade interaction,
interaction between the secondary flows of the stator with the rotor
and, as in the case of the stator, the potential effect. Wake–blade
interaction computations, such as those reported in [1,5], although
contributing to our understanding of turbomachinery flows, do not
account for the potential effect. A true stage simulation that includes
both rotors and stators in a single coupled computation is required to
better understand the complexities of turbine and compressor flows.
Aspects, such as the interaction of the secondary flows of upstream
rows on downstream airfoils and multistage physics, need a coupled
rotor–stator approach. The present work represents a first step in
developing the numerical methodology and the computer program to
compute stator–rotor interaction via DNS.

Numerical Method

The current effort is an extension of an earlier one to use high-
order-accurate upwind-biased finite-difference methods to perform
DNS of fully developed, incompressible turbulent flow in a channel
[9]. The main objective of this earlier investigation was to provide a
comprehensive comparison between the results obtained using
finite-difference and spectral methods. The computed data, including
first- and second-order turbulence statistics, were found to agreewell
with both experimental data and earlier spectral simulations on a grid
with approximately the same number of grid points. The finite-
difference method for incompressible flow, developed in [9], uses
upwind-biased finite differences and a time-stepping technique
based on a partially implicit, fractional step method [11]. One
advantage of the method of [9] is that the dissipative nature of the
leading truncation error term of the upwind-biased differences used
to approximate the convective terms automatically controls aliasing
errors. The second advantage is that the method can be easily
extended to curvilinear grids.

The method of [9] was then extended to the nonconservative
compressible form of the Navier–Stokes equations [10]. This exten-
sion was restricted to rectangular grids. The resulting method is fully
implicit and uses fifth-order-accurate upwind-biased finite differ-
ences for the convective terms and fourth-order-accurate central
differences for the viscous terms. A technique to numerically gene-
rate freestream disturbances with prescribed length scales and
intensity level is also presented in this study. The high-order finite-
difference method was used in [10] to compute low-speed
transitional/turbulent flow on a flat plate subjected to high levels of
freestream turbulence. The computed data agreed with experimental
data and showed that the essential features of the bypass transition
process were captured.

To briefly describe the method of [10], we consider the unsteady,
compressible, nonconservative formulation of the Navier–Stokes
equations in three spatial dimensions:

Qt � AQx � BQy � CQz �
1

�
�Rx � Sy � Tz� (1)

In Eq. (1), Q is the vector of independent variables:

Q� b � u v w p cT (2)

where � is the density, p is the pressure, and u, v, and w are the
velocities in the x, y, and zdirections, respectively. ThematricesA,B,
and C are obtained from the matrix D:

588 RAI



D�

q �k1 �k2 �k3 0

0 q 0 0 k1=�
0 0 q 0 k2=�
0 0 0 q k3=�
0 �pk1 �pk2 �pk3 q

0
BBBB@

1
CCCCA (3)

where q is defined as q� uk1 � vk2 � wk3. The matrix A is
obtained from D with k1 � 1, k2 � 0, and k3 � 0; the matrix B
is obtained with k1 � 0, k2 � 1, and k3 � 0; and the matrix C is
obtained using k1 � 0, k2 � 0, and k3 � 1. The viscous term Rx on
the right-hand side (RHS) of Eq. (1) is given by

Rx �

0

�2�ux � ��ux � vy � wz��x
���uy � vx��x
���uz � wx��x

�� �����p=��x=Pr�x

0
BBBB@

1
CCCCA (4)

where Pr is the Prandtl number, � is the viscosity, � is the ratio of
specific heats, and

���2�=3
�� ��� � 1�fux�2�ux � ��ux � vy � wz�� � vx���uy � vx��
� wx���uz �wx��g (5)

The viscous terms Sy and Tz are obtained from similar expressions.
The convective termsAQx,BQy, andCQz in Eq. (1) are evaluated,

as in [12]. To illustrate the technique, we consider the termAQx. The
matrix A can be written as

A� P�P�1 (6)

where P�1 is the matrix of the left eigenvectors of A, and � is a
diagonal matrix containing the eigenvalues of A. The term AQx is
evaluated as

AQx � A�Q�x � A�Q�x (7)

where A	 � P�	P�1 and �� and �� are diagonal matrices
containing the positive and negative eigenvalues of A, respectively.
The terms Q�x and Q�x are backward and forward differences of the
vectorQ, respectively. They are evaluated using fifth-order-accurate
backward-biased and forward-biased differences on a seven-point
stencil [10] as

Q�x �
�6Qi�2�60Qi�1�40Qi�120Qi�1�30Qi�2�4Qi�3

120�x

Q�x �
4Qi�3�30Qi�2�120Qi�1�40Qi�60Qi�1�6Qi�2

120�x
(8)

on a grid that is equispaced in the x direction. The remaining
convective terms are evaluated similarly. The finite-difference
stencils used at grid points near boundaries are smaller and yield
correspondingly lower orders of accuracy. A more detailed
discussion of this approach can be found in [9,10].

The viscous terms are computed using central differences on a
five-point stencil to obtain fourth-order accuracy. To illustrate, we
consider the term ���uy � vx��x in the vector Rx. This term is first
expanded as

���uy � vx��x � �x�uy � vx� � ��uxy � vxx� (9)

Each of the derivatives on the RHS of Eq. (9) is then evaluated using
central differences.

The fully implicit finite-difference representation of Eq. (1) at any
interior grid point is

3Qn�1 � 4Qn �Qn�1

2�t
� �A�Q�x � A�Q�x � B�Q�y � B�Q�y

� C�Q�z � C�Q�z �n�1 �
�
1

�
�Rx � Sy � Tz�

�
n�1

(10)

The three-point stencil used in Eq. (10) to approximate the time
derivative Qt yields second-order accuracy in time. Equation (10)
represents a system of nonlinear equations and is solved using a
Newton–Raphson-type iterative technique at each time step, as in
[13].

The fully implicit upwind-biased method of [10], described
previously, is extended here to curvilinear coordinate systems.
Adopting a general transformation of the kind

�� t; �� ��x; y; z�; ����x; y; z�; 	� 	�x; y; z� (11)

the governing equations [Eq. (1)] take the form

Q� � �AQ� � �BQ� � �CQ	 �
1

�
�Rx � Sy � Tz� (12)

where

�A� A�x � B�y � C�z; �B� A�x � B�y � C�z
�C� A	x � B	y � C	z (13)

The derivatives Q�, Q�, and Q	 are computed using fifth-order-
accurate forward- and backward-biased differences, as before. The

convective term �AQ� is evaluated as before by splitting [12] the

matrix �A:

�AQ� � �A�Q�� � �A�Q�� (14)

Theterms �BQ� and �CQ	 are treatedsimilarly.Althoughtheconvective
termsdoneedtobe transformedto implementaphysicallymeaningful
matrix splitting and biasing of the required finite differences, there is
not a corresponding advantage to transforming the viscous terms,
because the associated derivatives are obtained using central
differences. Hence, the viscous terms in Eq. (12) appear in their
original formasderivatives in thex,y, andzdirections.However, their
evaluation uses derivatives in the transformed coordinate system. For
example, the term uy in Eq. (9) is obtained from

uy � u��y � u��y � u		y (15)

In Eq. (15), the derivatives of the flow variables, as well as the
transformation metrics, are computed using five-point central
difference stencils (fourth-order accuracy). Second derivatives are
obtained similarly.

The fully implicit nonlinear equations for curvilinear coordinates
can now be written as

3Qn�1 � 4Qn �Qn�1

2��
� � �A�Q�� � �A�Q�� � �B�Q�� � �B�Q��

� �C�Q�	 � �C�Q�	 �n�1 �
�
1

�
�Rx � Sy � Tz�

�
n�1

(16)

The linearization and subsequent approximate factorization of
Eq. (16) yields the following iterative-implicit upwind-biased high-
order-accurate finite-difference method:
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�
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��
m

�Qm�1 �Qm� � ���
�
3Qm � 4Qn �Qn�1

2��

�

���� �A�Q�� � �A�Q�� � �B�Q�� � �B�Q�� � �C�Q�	

� �C�Q�	 �m ���

�
1

�
�Rx � Sy � Tz�

�
m

(17)

In Eq. (17), 
� 1:51=3, �� 1:5�2=3, r, and � are backward- and

forward-difference operators, respectively, the matrices �M and �N
represent the linearization of the first and second derivatives in the
wall-normal (�) direction, andm is an iteration index. For the sake of
brevity, only the viscous terms in the wall-normal direction (�) have
been included on the left-hand side (LHS) of the equation (similar
terms can, of course, be included in the � and 	 direction as required).
Additionally, on the LHS, the convective terms are approximated
with first-order-accurate formulations and the viscous terms with
second-order-accurate formulations. This does not affect accuracy
because of the iterative nature of the scheme. In Eq. (17), Qm is an
approximation to Qn�1. When m� 0, Qm �Qn and, as Eq. (17) is
iterated to convergence at a given time step, Qm ! Qn�1, and the
LHS tends to zero. Because the LHS of Eq. (17) can be driven to zero
at every time step, linearization and factorization errors can be driven
to zero during the iteration process. Another advantage of the
iterative scheme is that it decouples the computations in a multiple-
zone computation while simultaneously maintaining the implicit
nature of the method over a time step.

An important limitation of the nonconservative formulation of the
Navier–Stokes equations is that it can only be used to compute flows
that are free of flow discontinuities. However, it was chosen for this
study because the associated high-order-accurate finite-difference
method can be extended in a straightforward manner to curvilinear
coordinate systems. In discontinuity-free flows, these equations do
conserve mass, momentum, and energy to an extent consistent with
the order of accuracy of the scheme and the grid resolution provided.
For example, in the case of the turbine airfoil computation, presented
later in the text, the difference between the inlet and the exit mass
flow rates was less than 0.08%.

We note here the work of [14], in which an implicit Newton
iterative method, based on compact central differences and filters, is
used to solve a number of practical problems via an implicit LES
approach. A subgrid scale model is not used in [14]; instead, the
filter dissipates the turbulent energy contained in the smaller scales.
The Newton iterative approach used in [14] is closely related to the
one used here (as reported in [15]). It was originally developed in
[13]. The advantages attributed to this approach in [14] were
discussed in detail in [10,13]. The filters [14] essentially provide the
dissipation that is naturally present in upwind schemes. It should be
noted that upwind methods are constructed to provide correct signal
propagation for hyperbolic systems.

Multiple-Zone Computational Grid

The computational region is divided into multiple zones to
facilitate grid generation and provide adequate grid resolution only
where it is required. Figure 1 shows the airfoil cross section and the
adjacent zone/grid. The original airfoil used in the experiment [16],
on which the current simulation is based, is fully three-dimensional.
Only the midspan section of the three-dimensional shape is used to
generate a three-dimensional grid of a uniform cross section. The
computation is, of course, three dimensional. The multiple two-
dimensional grids are uniformly spaced in the spanwise direction.

The grid in the zone adjacent to the airfoil (Fig. 1) is generated
algebraically. The grid linesmoving away from the airfoil are straight
lines and intersect the airfoil surface orthogonally. This feature, in

addition to yielding a grid with superior qualities in the region of the
transitional/turbulent boundary layer, facilitates the computation of
profiles of the turbulence statistics in the wall-normal direction. The
grid shown in Fig. 1 is only representative of the computational grid.
The actual grid provides high resolution in the wall-tangential
direction on the latter two-thirds of the suction side and the entire
circular trailing edge; the grid spacing in wall units is�s�T � 22:75,
where sT is the arc length along the airfoil surface. The wall shear
velocity and kinematic viscosity used to normalize �sT is from the
turbulent region (at x=c� 0:95 on the suction side, where c is the
airfoil axial chord, c� 5:93 in:). An estimate of the wall shear
velocity, required to generate the initial grid, was obtained from a
RANSsimulationof theflowover theairfoil.Thefirstgridpointoff the
wall isat�sN � 0:0002 in:alongtheentireairfoil surface,wheresN is
the distance normal to the airfoil surface. In the turbulent region at
x=c� 0:95, this resolution corresponds to �s�N � 0:91. The
spanwise extent of the computational region is 0.512 in., and the re-
solution obtained in this direction is�z� � 9:10. The grid size in the
adjacent zone is 1801 � 61 � 257: a total of 28,234,277 grid points.

The grid spacing in the wall-tangential direction, on the pressure
side of the airfoil, is relatively coarse. This is because the experiment,
on which the current computation is based, exhibits laminar flow on
the pressure surface (this observation is based on measured Stanton
number values). There is no attempt here to perform a direct simula-
tion of the pressure side flow. Additionally, wall-tangential grid
resolution in the leading-edge region and the first third of the suction
surface is only adequate for computations of laminar flow.

Figure 2 shows the other zones (inlet, exit, and external) and the
grid in the external zone. As in the case of the adjacent zone, the
external zone is also discretized using an O grid. However, an elliptic
grid generator is used to obtain the external grid. The inner boundary
of this grid corresponds to a constant � line in the adjacent grid.
Similarly, the outer boundary of the adjacent grid corresponds to a
constant� line in the external grid.This feature simplifies information
transfer between the two grids. The use of the external grid facilitates
a reduction in grid resolution in the region away from the wall. The
wall-normal extent of the adjacent grid is approximately 4.7 turbulent
boundary layer thicknesses (�98:5 at x=c� 0:95 on the suction side)
from the airfoil surface. Thus, it provides ample space for the
transitional/turbulent boundary layer to evolve on a highly refined
grid. The external grid fills a region in which high resolution is not
required (unless, of course, airfoil wake evolution is of interest).
Thus, the external grid is discretized using a relatively coarse grid
with the objective of reducing computational expense.

The constant � lines in the external grid, which move away from
the airfoil, intersect the inner boundary of this grid orthogonally. The

Fig. 1 Midspan airfoil section and representative zone/grid adjacent to

the airfoil.
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grid spacing in the � direction, at the inner boundary, is the same as
the grid spacing in the � direction in the adjacent grid,where the inner
boundary of the external grid is located. A portion of the outer
boundary of the external grid corresponds to the upper and lower
periodic boundary. This periodicity implies an infinite row of airfoils
in the ydirection. The grid size in the external grid is 301 � 31 � 257:
a total of 2,398,067 grid points. Figure 2 also shows portions of the
inlet and exit zones. The grid in each of these zones is rectangular.
The grid in the inlet zone expands gradually in the x direction as it
approaches the inlet boundary. Similarly, the grid in the exit zone
expands gradually in the x direction, toward the exit boundary. The
overlap between the inlet zone and the external zone permits the
transfer of information between these zones. A similar situation
exists between the exit zone and the external zone. The grid sizes
in the inlet zone and the exit zone are 31 � 41 � 257 and 31 � 81�
257, respectively. Thus, the total number of grid points used in this
simulation is 31,604,318. This system of zonal grids, which is the
baseline grid, is referred to as grid B in the rest of the text.

A second, more-refined grid (grid F) with the same general
characteristics as the baseline grid was used to perform a grid
refinement study. This finer grid has 3301 � 71 � 513 points adja-
cent to the airfoil and 611 � 41 � 513 points in the external grid. The
total number of grid points in grid F is approximately 135 million.
The resolution obtained in the well-resolved portion of the airfoil is
�s�T � 11:80, �s�N � 0:95, and �z� � 4:72, based on the wall
shear velocity at x=c� 0:95. The grid refinement study of [9], which
includes comparisons with both experimental data as well as com-
puted data obtained using a spectral method, indicates that this
level of resolution with the order of accuracy used in the present
method is adequate to obtain accurate first- and second-order
turbulent statistics.

Boundary Conditions

The computational region is discretized using four grids: the
adjacent grid, the external grid, and the inlet and exit grids. The
boundaries that contain these grids can be broadly classified as
natural and zonal boundaries. The natural boundaries include the
inlet boundary, the exit boundary, the airfoil surface, the upper and
lower periodic boundaries (in Fig. 2), and the boundaries in the
spanwise direction. The boundary between the external and adjacent
grids is an example of themany zonal boundaries in the computation.
Both the natural and zonal boundary conditions used here are similar
to those used in [10]. They are presented here to provide continuity
for the reader and because some of them are different.

Airfoil Surface Boundary Condition

The heat transfer rate is one of the boundary conditions specified at
the airfoil surface. This condition is given by

� kw@
=@sN � qw (18)

where kw is the thermal conductivity at the wall, @
=@sN is the
derivative of the temperature in the wall-normal direction at the wall,
and qw is the specified surface heat transfer rate (in the present study,
qw � 0:139 Btu=�s 
 ft2�, as in the experiment of [16]). The other
boundary conditions imposed at the surface are a zero normal
derivative of the pressure and the no-slip boundary condition. The set
of equations used to update the boundary points on the airfoil surface
are given next (in these equations, the subscript 1 refers to a grid point
on the airfoil surface, the subscript 2 refers to the corresponding grid
point just off the surface, and �sN is the distance between these
points):

u1 � 0; v1 � 0; w1 � 0; p1 � p2

p1

�1
� p2

�2
� qw�sN

kw
(19)

The last two equations assume that the constant � grid lines in the
adjacent grid intersect the airfoil surface orthogonally. Higher-order-
accurate representations of the pressure and temperature derivatives
yielded slightly different results in preliminary tests but resulted in
more restrictive time steps.

Flow transition was induced via surface blowing and suction
upstream of the region in which transition to turbulencewas desired.
The wall-normal velocity in the blowing/suction strip qN was
obtained from the following equations:

qN �Au1f�T�g�z�h�t�; f�T�� 4 sin�
��1� cos�
��=
������
27
p


� 2��T � Ta��Tb � Ta�; g�z��
Xlmax

l�1
Zl sin�2�l�z=zmax� �l��

(20)

with

Zl�1 � Zl=1:25

and

Xlmax

l�1
Zl � 1; h�t� �

Xmmax

m�1
Tm sin�2�m��t�  m��

with

Tm�1 � Tm=1:25

and

Xmmax

m�1
Tm � 1

In Eq. (20), A is the amplitude of the imposed disturbance, Ta and Tb
are the arc-length values along the airfoil surface corresponding to
the beginning and the end of the blowing/suction strip (values of arc
length are measured starting from the leading edge), zmax is the
spanwise extent of the computational region, � is the fundamental
temporal frequency of the disturbance, and �l and  m are uniformly
distributed random numbers between 0 and 1. The parametric values
used here are given next:

A� 0:6; Ta� 1:1�x=c� 0:158�; Tb� 1:2�x=c� 0:258�
zmax=c� 0:0863; lmax� 11; mmax� 5

Thevalue ofAwas chosen to be relatively high, because the blowing/
suction strip is in a region of the suction side where the flow is
accelerating. It should be noted that if the local boundary layer edge

Fig. 2 Multiple zones used to discretize the computational region.
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velocity were used in Eq. (20), instead of the inlet velocity u1, the
corresponding value ofAwould be 0.25 (amplitude of imposedwall-
normal velocity is 25% of local freestream velocity). The one-
dimensional version of Eq. (20) (no variation in z) is similar to that of
[17]. The two-dimensional version provided in Eq. (20) is identical to
that of [18].

In [10], freestream turbulencewith a prescribed turbulent intensity
and integral length scale was numerically generated in the inlet
region to obtain bypass transition on the flat plate. There, one of the
objectives was to determine if the computed transition region would
closely match the experimentally measured transition region if the
numerically generated freestream turbulence had nearly the same
intensity and length scale values as in the experiment. The spanwise
dimension of the plate necessary to obtain the required longitudinal
integral length scale was approximately three times the length scale
itself. In the case of the airfoil, the experimentally measured length
scale is approximately 0.8 in. for the case with grid-generated
turbulence and much larger for the gridout case [16]. Even the
smaller of the two (0.8 in.) would require a spanwise dimension
approximately five times that used in the current airfoil computation.
The fact that the high-resolution grid would need to extend all the
way from the leading edge to the trailing edge on the suction side
results in an additional factor of 2. TheDNSwould then require about
10 times as many grid points, thus resulting in a very expensive
computation. In an effort to reduce computational costs in this first
exploratory effort (HPT), we have resorted to blowing/suction.
However, it should be noted that in the case of the airfoil, the adverse
pressure gradient on the second half of the suction side of the airfoil is
a desensitizing feature (with regard to transition location). The flow
will tend to transition soon after the minimum pressure point
(x=c� 0:45 in Fig. 3) for a range of freestream turbulence levels.
Hence, the current approach (blowing/suction), which accomplishes
essentially the same thing, can be expected to yield the transitional
Stanton number distribution and velocity statistics that would be
obtained in reality for a range of freestream intensity levels. At very
high levels of freestream turbulence, transition will indeed move
upstream of the minimum pressure point.

Inlet Boundary of the Inlet Zone

The flow at the inlet boundary of the inlet zone is subsonic. Four
quantities must be specified at this boundary. The four used here are a
Riemann invariant R1 � u� 2c=�� � 1�, the stagnation pressure,
and the velocity components v and w. A second Riemann invariant
R2 � u � 2c=�� � 1� is extrapolated from the interior of the inlet
zone to complete the system of equations required to uniquely define
the dependent variables at the inlet. The resulting systemof equations
is given by

ub �
2cb
� � 1

� u2 �
2c2
� � 1

; ub �
2cb
� � 1

� u1 �
2c1
� � 1

vb � 0; wb � 0

pb � P1
�
1� �� � 1�

2

�u2b � v2b � w2
b�

c2b

������1�
(21)

In Eq. (21), c is the speed of sound, P is the stagnation pressure, and
the subscripts b, 2, and1 refer to the inlet boundary, the grid point
just downstream of this boundary, and the inlet reference conditions,
respectively.

Exit Boundary of the Exit Zone

Theflow at the exit boundary of the exit zone is subsonic. Oneflow
quantity must be specified at this boundary. Here, the exit static
pressure is specified, and the remaining variables are extrapolated
from the interior. This boundary condition, together with the inlet
boundary condition discussed previously, uniquely specifies the
time-averaged mass flow through the system. However, it reflects
pressure waves back into the system. To alleviate this problem, the
grid is gradually coarsened in the x direction toward the exit bound-
ary. This coarsening of the grid also has the advantage of nearly

eliminating the wake before it encounters the exit boundary, thus
permitting an inviscid exit boundary condition. The attenuation of
thewake can be clearly seen in entropy contours presented later in the
text.

Periodic Boundary Conditions

Periodicity is imposed both in the spanwise direction and on the
upper and lower boundaries in the y direction. Implementing period-
icity in the spanwise direction for all the zones and on the upper and
lower boundaries of the inlet and exit zones is straightforward. The
portions of the upper and lower boundaries that correspond to the
external grid require special treatment. This is because the grid points
on the upper boundary are not at the same axial locations as those on
the lower boundary. To overcome this problem, the outer boundary of
the external grid is extrapolated (this, of course, can be a part of the
grid generation process). Flow variables at the extrapolated points
are obtained using interpolation and the periodicity condition. The
implicit boundary condition in the � direction (required for the inver-
sion in this direction) is identical to that used for zonal boundaries
and is discussed next.

Zonal Boundary Conditions

The zonal boundaries that separate the various zones are treated
using an interpolation procedure that is explicit at every substep
(iteration) within a given time step, butwhich is implicit over the time
step. To describe the procedure, we consider the outer boundary of
the adjacent zone. This boundary corresponds to one of the constant �
lines in the external grid, but the grid points of the two grids do not
coincide. A cubic interpolation procedure (fourth-order accuracy) is
used to interpolate the data (flow variables) on this curve from the
external grid to the adjacent grid.

To integrate the equations of motion using the iterative-implicit
scheme of Eq. (17), it is necessary to specify boundary conditions on
the outer boundary of the adjacent zone to perform an inversion in the
� direction. The boundary condition used here is given next:

Qm�1
zb �Qm

zb � 0 (22)

where the subscript zb refers to the zonal boundary.After completing
a substep in all the zones, the dependent variables on this zonal
boundary are obtained by interpolating the data in the external zone.
A similar postupdate correction is applied along all the zonal bound-
aries. One advantage of using this technique is that, during each
substep, the computations within the various zones are uncoupled. It
should be noted that Eq. (22) is not equivalent to

Qn�1
zb �Qn

zb � 0 (23)

followed by a postupdate correction. Equation (22) permits Qn�1
zb �

Qn
zb to converge to its correct value when the iteration process is

carried to convergence. Both time accuracy and spatial accuracy
consistent with the order of interpolation and the order of accuracy
of the integration scheme are maintained at the zonal boundary.

Fig. 3 Computed and experimental airfoil surface pressure distribu-

tions.
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Equation (23), on the other hand, is an explicit boundary procedure
and may affect the stability of the algorithm and require the use of
smaller time steps. Additional details regarding the implicit zonal
boundary condition can be found in [10,19].

Results

A low-speed turbine stator airfoil [16] was chosen for this study. It
has undergone extensive testing to investigate rotor–stator inter-
action effects, as well as surface heat transfer at two levels of free-
stream turbulence. Figure 1 shows the midspan airfoil section. Here,
we compute the flow using this airfoil cross section at all spanwise
locations. Homogeneity is assumed in the spanwise direction, thus
permitting the use of periodic boundary conditions at the spanwise
extremes of the computational region. The spanwise extent of this
region is about 2330wall units based on thewall shear velocity in the
turbulent flow at x=c� 0:95 on the suction side of the airfoil. The
inlet Mach number for this case is 0.07, the unit Reynolds number
based on inlet conditions is 40; 300=in:, the inlet temperature is
518�R, and the ratio of the exit static pressure to the inlet total
pressure is 0.9738.

In the experiment, transitionwas achieved by subjecting the airfoil
to freestream turbulence. However, flow transition in this numerical
investigation via DNS, was achieved by wall blowing and suction.
The magnitude of blowing and suction was adjusted, such that
transition occurred approximately at the same location on the airfoil
as in one of the experiments. Only the suction side of the airfoil was
subjected towall blowing and suction. The pressure side of the airfoil
was left undisturbed. This is because the current computation is
modeled after the gridout case in the series of experiments [16] for
which the turbulence-generating grid upstream of the stator was
removed. The freestream turbulence level for this case is low
(approximately 0.5% of freestream velocity). The measured heat
transfer rate for this case indicates that the pressure side of the airfoil
is essentially laminar. The grid used in the computation has the
necessary resolution for DNS only on the suction side, thus reducing
the computational cost by almost a factor of 2. The suction side
exhibits laminar, transitional, and turbulent regions and hence
possesses characteristics found in many complex flows.

The region in the vicinity of the trailing edge is well resolved.
Interestingly, the wake comprises fluid from the laminar boundary
layer on the pressure side and the turbulent boundary layer on the
suction side. Hence, both types of boundary layers influence
the shedding process.Although someflowvisualization results of the
trailing-edge region are presented here, a detailed discussion of the
flow in this region will be provided in a separate paper.

Figure 1 shows the type of grid used for the computation in the
vicinity of the airfoil. The grid lines moving away from the airfoil are
perpendicular to the surface at the point of intersection. Velocity
statistics are computed along these lines by first computing velocity
components that are parallel and perpendicular to the airfoil surface
(at the point of intersection of the respective grid line and the airfoil).
These locally wall-normal and wall-tangential velocity components
and the spanwise velocity component (vN , vT , and vs � w, respec-
tively) are used to generate the necessary velocity statistics. All the
turbulence statistics presented here were obtained by averaging both
in time and in the spanwise direction. The statistical samples were
obtained over a period of 13 ms after the initial transients had
subsided. This period corresponds to 720��=u1, where �

� is the
boundary layer displacement thickness at x=c� 0:95 and u1 is the
inlet velocity, and it is also approximately the time required for a
particle in the midpassage region to travel from the leading edge to
the trailing edge twice. Almost all of the results presented here were
obtained on the baseline grid (grid B). Results obtained on the fine
grid are only provided for profiles of the normal intensities in thewall
normal direction at x=c� 0:95. The sampling period used for the
fine grid was approximately one-third of that used for the baseline
grid. However, comparisons of intensity profiles obtained with both
this smaller sampling period and the longer period of 13 ms (both on
the baseline grid) showed that the smaller sampling period was
adequate. This comparison is provided later in this section.

The iterative-implicit upwind-biased finite-difference method
described earlier was used to compute the evolution of small-
amplitude disturbances in a flat plate boundary layer in [10]. The
computed results were compared with results from linear stability
theory and the results of Gaster, and they were found to be in good
agreement. The computations were performed with two, three, and
four iterations per time step; the rms residual reductions obtained in
the three cases were 12, 125, and 470, respectively. The solutions
obtained in all three cases were very close. The DNS of transitional/
turbulent flow on a flat plate that is reported in [10] was performed
with three iterations per time step. An rms residual reduction of a
factor of 15 was obtained in the finest grid used in the computation.
Three iterations were also used in the present DNS, together with a
time step (�t� 0:0225��=u1) that results in an rms residual
reduction of about 15 in the adjacent grid.

Surface Pressure and Stanton Number Comparisons

Figure 3 shows the time-averaged pressure distribution on the
surface of the airfoil normalized by the inlet total pressure and
compared with experimental data [16]. The two distributions are in
good agreement. Numerous computed surface pressure distributions
that have been reported in the literature (obtained with the RANS
equations) for turbine and compressor airfoils with a blunt trailing
edge (circular, elliptic, and other shapes) exhibit a sharp decrease and
subsequent rise in pressure very near the trailing edge. This behavior
has also been observed in RANS simulations of the airfoil section
used here.However, the currentDNSand available experimental data
only show a negligibly small dip on the pressure side near the trailing
edge. Thus, this feature (sharp variations in pressure), in some of the
cases reported in the literature,may be numerical in origin and caused
by either inadequate grid resolution and/or the inadequacy of the
turbulencemodel in thevicinity of the trailing edge. Small differences
between the current computation and the experimental data seen in
Fig. 3 are most probably because the experimental data are obtained
in a three-dimensional rig with the attendant endwall boundary
layers, passage vortices, and blade shape variation in the spanwise
direction.

Figure 4 shows the time-averaged Stanton number distribution
compared with experimental data. Here, the Stanton number is
defined as in [16]:

St� qw=��eUeCp�
w � 
1�� (24)

where �e and Ue are the density and velocity, respectively, at the
airfoil exit (in this case, the exit boundary of the exit zone). As
mentioned earlier, the magnitude of blowing and suction near the
leading edge, on the suction side of the airfoil, have been roughly
adjusted so that the computed transitional flow is approximately in
the same location as theexperimental one.Hence, theproximityof the
two transitions should not be interpreted as a close correspondence
between freestream turbulence characteristics. In fact, freestream
turbulence is absent in the computation. However, both the
computation and the experiment show a rapid increase in the Stanton

Fig. 4 Computed and experimental airfoil Stanton number distribu-

tions.

RAI 593



number in the transitional region on the suction side, followed by a
very gradual decrease in the direction of the trailing edge. The two
distributions agree reasonably well in the turbulent region down-
stream of transition. Computed Stanton number values near the
leading edge and on the pressure side of the airfoil are close to
experimental data and correspond to laminar flow. Once again, as in
the case of the pressure distributions (Fig. 3), it must be noted that
the experimental data represent a cross section of a fully three-
dimensional flow.

Instantaneous Flowfield Visualizations

In the following figures, an instantaneous flowfield is investigated
with the help of entropy and vorticity contours. The instant in time
corresponds to the end of the 13 ms sampling period. A perspective
view of the airfoil, focusing on the suction surface, is depicted in
Fig. 5. The spanwise dimension (z) has beenmagnified by a factor of
5 to provide a better view of the flow structures. Instantaneous
spanwise vorticity contours on the surface of the airfoil are depicted
in thisfigure. The appearance of thevortical structures is quite abrupt.
This location is slightly downstream of the pressure minimum on the
suction side of the airfoil (Fig. 3). Theflow transitions very soon after
it encounters the adverse pressure gradient, following the pressure
minimum, and then becomes turbulent further downstream. A
careful examination of contours reveals higher magnitudes of vorti-
city in the transition region, followed by slightly lower values down-
stream. Velocity statistics (presented later in the text) also indicate
higher levels of unsteadiness in the transition region. It should be
noted that, because of the spanwise magnification, the vortical
structures are alsomagnified by the same factor and are seen as being
wider than in reality. Thevorticity contours observed near the leading
edge (crown of the airfoil) correspond to the imposed wall blowing
and suction.

Figures 6 and 7 also show contours of spanwise vorticity.
However, the viewing direction is normal to the airfoil surface at a
particular location. This location was chosen to maximize the
horizontal extent of Figs. 6 and 7. Hence, the viewing direction does
not correspond to the negative y direction (Fig. 1). The spanwise
dimension in these figures is not magnified, and hence the vortical
structures are not distorted. Figure 6 shows contours in the

transitional region, and Fig. 7 shows the corresponding contours in
the turbulent region downstream. The appearance of the vortical
structures in Fig. 6 is abrupt. Other instants in time show patches of
intense vorticity immersed in the quiescent region upstream that are
convected downstream and join the main body of vorticity, seen in
Fig. 6. The boundary between the relatively quiescent and highly
unsteady regions is complex and unsteady in nature. The more
intensevariation of vorticity in the transitional region, comparedwith
the turbulent region, is evident in Figs. 6 and 7. Unlike Fig. 6, the
vortical structures essentiallyfill the entire region in Fig. 7 and showa
degree of pattern uniformity.

Instantaneous entropy contours at one spanwise location are
shown in Fig. 8. End-stage transition and the development of the
turbulent boundary layer downstream are evident here. Figure 9
shows entropy contours in the region of the trailing edge. Although
grid resolution is adequate in the vicinity of the trailing edge (approx-
imately 1 or 2 diameters downstream), the grid coarsens thereafter,
causing the flow structures in the wake to dissipate. Unlike the
downstream evolution of the wake, the near-wall (trailing edge) flow
phenomena are believed to be accurately resolved. An interesting
feature in Fig. 9 is that, although the shedding on the pressure side
somewhat resembles laminar shedding with the corresponding roll
up, shedding on the turbulent suction side of the airfoil is less
obvious. In addition, on comparing Fig. 9 to laminar and RANS
computations of trailing-edge flows (found in the literature and not
included here), this turbulence seems to accelerate the breakup of the
laminarlike vortices shed from the pressure side. The shedding
phenomenon is of considerable interest in turbomachinery design,
both from an acoustics perspective and in obtaining a better
understanding of wake–blade interaction. Figure 10 shows spanwise
vorticity contours in the trailing-edge region. The rapid dissipation of
the turbulent flow structures because of the coarsening grid is evident

Fig. 5 Perspective view of airfoil showing surface instantaneous

spanwise vorticity contours.

Fig. 6 Instantaneous spanwise vorticity contours on the airfoil

(transitional region, top view).

Fig. 7 Instantaneous spanwise vorticity contours on the airfoil

(turbulent region, top view).
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in this figure. DNS of rotor–stator interaction will require grids that
yield accurate computations of wake evolution/convection.

Turbulence Statistics

In this subsection, we present some of the turbulence statistics
obtained in the transitional and turbulent regions on the suction side
of the airfoil. Figure 11 shows the growth of the boundary layer
thickness as a function of the axial distance along the airfoil. The
difference between the laminar and turbulent growth rates is evident.
The transitional region extends between x=c� 0:6 and x=c� 0:75,
depending on the statistic being considered (blowing and suction
were applied in the region 0:158< x=c < 0:258). The thickness
distribution shown in Fig. 11 is used later to normalize wall-normal
distances.

Fig. 8 Instantaneous entropy contours (full airfoil, side view).

Fig. 9 Instantaneous entropy contours (airfoil trailing edge, side view).

Fig. 10 Instantaneous spanwise vorticity contours (airfoil trailing

edge, side view).

Fig. 11 Variation of boundary layer thickness on the suction side of the

airfoil.
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Figure 12 shows mean velocity profiles in the transitional and
turbulent regions. The dashed lines represent the near-wall linear
behavior (v�T � s�n ) and the log law (v�T � 2:5 ln �s�n � � 5:5), where
v�T is the tangential component of velocity normalized by the wall
shear velocity, and s�n is the distance normal to the airfoil surface in
wall coordinates. The first profile at x=c� 0:625 occurs just before
the rapid increase in Stanton number. The next two profiles are from
the transitional region (x=c� 0:66, 0.68), and the last one
(x=c� 0:95) is in the turbulent region. The velocity profiles change
rapidly in the transitional region andmuchmore gradually thereafter;
the evolution from transitional profiles to a turbulent profile is
monotonic. The agreement with the linear profile and the log law at
the station x=c� 0:95 is good.

The variation of the peak value of the turbulent intensity
components as a function of the axial distance along the suction side
of the airfoil is shown in Fig. 13. The wall shear velocity is used to
normalize these peak intensity values. There is a sharp increase in
intensity values in the transitional region (0:6< x=c < 0:7), followed
downstream by a sharp decrease in all of them. Subsequently
(x=c > 0:8), thewall-tangential component shows very little change,
whereas the wall-normal and spanwise components increase slowly
in the axial direction. DNS of fully developed turbulence, on a flat
plate with zero pressure gradient, are presented in [20]. Turbulence
statistics are provided at Re
 values of 300, 670, and 1410. The peak
values of all three components of intensity increase slightly with
increasing Re
, with the increase in the streamwise component
between Re
 � 600 and Re
 � 1410 being almost negligible. The
DNS results of [21], for a flat plate subjected to an adverse pressure
gradient (discussed in greater detail later in the text) show the same
trendsbut a larger increase in thepeak intensity valueswith increasing
Re
. The trends seen in Fig. 13, for the current situation with a mild
adverse pressure gradient, are very similar.

Figure 14 shows the tangential component of the turbulent
intensity in the transitional region (x=c� 0:625, 0.660, and 0.680)
and the turbulent region (x=c� 0:95) as a function of the wall-

normal distance (which is normalized by local boundary layer
thickness). There is a very rapid increase in the peak value in the
transition region, followed by a sharpening of the profile in the turbu-
lent region. Figures 15 and 16 show the wall-normal and spanwise
components of turbulent intensity at the same axial locations as in
Fig. 14. The growth in peak value in the transition region, and the
sharpening of the profile in the turbulent region, are similar to that in
Fig. 14. The trends observed in Figs. 14–16 are very similar to those
obtained in [10] for the case of bypass transition on a flat plate
without a pressure gradient.

Figure 17 shows the turbulent intensities at x=c� 0:95, normal-
ized by the local mean tangential velocity and plotted as a function of
the distance normal to the wall (in wall coordinates). Experimental
data obtained in a closed water channel [22] are also included in this
figure. The tangential and spanwise components agree well with the
experimental data. The limiting value at the wall of the tangential
component is very nearly the same as the experimental value of 0.39.
The normal component is lower than the experimental data near the

Fig. 12 Mean velocity profiles normalized by wall shear velocity at

various locations on the airfoil.

Fig. 13 Variation of peak turbulent intensities on the suction side of the

airfoil.

Fig. 14 Tangential component of turbulence intensity at various
locations on the airfoil.

Fig. 15 Normal component of turbulence intensity at various locations

on the airfoil.

Fig. 16 Spanwise component of turbulence intensity at various

locations on the airfoil.
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wall. The experimental data do not exhibit the expected linear
behavior in the near-wall region. Instead, they increase as the wall is
approached, thus indicating experimental error. The experimental
wall-tangential and wall-normal data were obtained at Re
 � 2420
and the spanwise component at Re
 � 1750. The computed data are
at Re
 � 1780. The comparison between the computation and the
experiment is provided, even though the configurations are different
(flat wall versus an airfoil boundary layer), because the airfoil
exhibits very little curvature at x=c� 0:95 and because the adverse
pressure gradient is mild.

Figure 18a shows the turbulent intensities at the same axial
location. Here, the intensities are normalized by the wall shear
velocity and are plotted as a function of the wall-normal distance
(wall coordinates). The computed data are once again comparedwith
the experimental data of [22]. There is good agreement between the
two spanwise components and only a fair agreement between the
wall-tangential and wall-normal components. The larger differences
obtained for these two latter components are only partially because of
the larger difference inRe
 between the experiment and computation
(there is close correspondence ofRe
 values for the experimental and
computed spanwise component). Figure 18b shows the computed
intensity profiles obtained on the fine grid. The computed tangential
component is in better agreement with the experimental data with a
peak value of 2.74 (the computed peak in Fig. 18 is 3.09). The other
two components are slightly higher than before but still comparewell
with the experimental data. As mentioned earlier, the sampling
period used for grid F is about one-third of the period used for the
baseline grid. This was necessary to reduce computational cost. In
Fig. 18c, the profiles computed on the baseline grid (Fig. 18a, 13 ms
sampling period) are compared with profiles obtained on the same
grid but with just 31% of the sampling period (4 ms). The proximity
of the two sets of profiles demonstrates that the sampling period used
for the grid F computation is adequate, and that the 13 ms sampling
period used for all the grid B results, presented here, is a little more
than adequate.

An earlier investigation of the evolution of a turbulent boundary
layer on a flat plate, by Spalart and Watmuff [21], is of particular
relevance here. They presented both experimental and computational
results for a case with a unit Reynolds number of 428,000 per meter,
based on inlet conditions. The streamwise extent (x) of the compu-
tational region is 1 m. The boundary layer is subjected to a favorable
pressure gradient from 0.2 m, up to 0.6 m, and to an adverse pressure
gradient from 0.6 m downstream. This pressure distribution is
obtained by contouring the upper wall and is qualitatively similar to
the suction side pressure distribution on the airfoil used here (Fig. 3).
The pressure gradient parameter � (�� ���dp=dx�=�w) ranges from
�� 0:0 at x� 0:63 to �� 2:0 at x� 1:0. Both computational and
experimental profiles of streamwisevelocity, the three components of
turbulent intensity, and the Reynolds shear stress are provided at the
streamwise locations of x� 0:4, 0.6, 0.8, and 1.0.

The velocity statistics provided in [21] at x� 0:6 and x� 0:8 are
of particular interest. The parameter � is close to 0 at x� 0:6 and is
about 1.23 at x� 0:8. The corresponding values of Re
 at these

streamwise locations are approximately 690 and 1120. The value of
� in the current computation at x=c� 0:95 (turbulent flow regime) is
about 0.27, and Re
 is 1780. Because � plays a significant role in
the evolution of the airfoil boundary layer (and because Re
 for the
airfoil and Re
 at the location x� 0:8 are not far apart), it is
reasonable to expect the velocity statistics obtained here to lie some-
where between those obtained at x� 0:6 and x� 0:8. A comparison
very similar to those in Figs. 17 and 18, butwith the computed results
of [21], was performed. The turbulent intensities at x=c� 0:95, both
normalized by the local mean tangential velocity (as in Fig. 17) and
the local wall shear velocity (as in Fig. 18), for themost part fell right
in between the data obtained at x� 0:6 and 0.8 in the region
s�n < 100:0. Thereafter, the results of [21] decay more rapidly than
the present results. There aremanyother similarities between the data
of [21] and the present simulation. For example, the peak values of
the tangential (streamwise) component of turbulent intensity at the

Fig. 17 Turbulence intensities, normalized by the local mean

tangential velocity, at x=c� 0:95.

Fig. 18 Turbulence intensities normalized by local wall shear velocity

a) at x=c� 0:95, b) at x=c� 0:95 (fine grid), and c) at x=c� 0:95
(baseline grid, 4 and 13 ms sampling periods).
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two locations, x� 0:6 and 0.8, are 13.3 and 12.3% of the boundary
layer edgevelocity, respectively. The current simulation yields a peak
value of 13.4% at x=c� 0:95. Similar proximity in the data is seen in
the other turbulent intensity components.

It is not our intent to make detailed comparisons with the data of
[20–22]. The flow about the airfoil is different from those of [20–22].
The comparison between experimental and computational results in
Figs. 17 and 18 and the preceding discussion of the data in [20,21] are
provided to demonstrate that the turbulent intensities obtained here
are reasonable. They are close to those obtained with similar
Reynolds numbers and values of �. The author is not aware of
previous experimental or computational turbulent intensity profiles
for the airfoil used here.

Figure 19 shows Reynolds shear stress profiles at the same axial
locations as in Figs. 14–16. Shear stress values in this figure are
normalized by the square of thewall shear velocity and are plotted as a
function of thewall-normal distance (normalized by the local bound-
ary layer thickness). Shear stress values thus obtained are much
higher in the transitional region than in the turbulent region down-
stream. Qualitatively, they follow the same trend as the turbulent
intensity profiles. Figure 20 shows theReynolds shear stress profile in
the turbulent region (x=c� 0:95) plotted as a function of the wall-
normal distance inwall coordinates.A comparisonwith the boundary
layer data of [22] shows a fair agreement between the two data sets.
The computed peak value is higher than seen in the experiment.
Figure 20 also shows the computed results of [21], which were
discussed earlier. The peak value of 0.96 obtained here lies between
the computed values of [21] at x� 0:6 and 0.8 (estimated as 0.82 and
1.24, respectively). The peak obtained here is closer to the data at
x� 0:6. This is probably because of the proximity of � values.

Figure 21 shows mean temperature profiles at the same axial
locations as in Fig. 19. Temperature values in this figure are
normalized by the friction temperature 
� , defined as


� � qw=��wCp�vT�� �

where �vT�� is the wall shear velocity. The wall shear velocity at
x=c� 0:95was used to normalize all the profiles. This is because the
rapid development of themomentum boundary layer in the transition
region, and the consequent rapid increase in the wall shear velocity,
results in a scrambling of the profiles, wherein profiles from down-
stream transition locations exhibit higher peak values. This
phenomenon is also observed in the experimental results of [23] for
the low freestream turbulence cases. Figure 21 also shows the near-
wall approximation:


� � Prs�n

and the logarithmic approximation from [24]:


� � 13:2Pr� Prt
�

ln
�
s�n
13:2

�

The logarithmic profile was generated with �� 0:4 and Prt � 1:0.
The higher value ofPrt was used instead of the conventional value of
0.9, because the computed DNS results here and in [25] (flat plate
DNS with specified wall heat flux at Re
 � 300) show turbulent
Prandtl number values close to 1.0 or even slightly higher in the
region 10 
 s�n 
 80. The profiles in Fig. 21 show a monotonic
transition from laminarlike to a turbulent profile. The computed
profile at x=c� 0:95 clearly shows a logarithmic region, although it
is slightly higher than the turbulent correlation of [24]. Choosing
s�n � 14:5 as the crossover point between the linear and logarithmic
regions, instead of 13.2, yielded a significantly better agreement
between the two curves, but it is not provided here. Although the
profile at x=c� 0:95 corresponds closely to the approximation
(
� � Prs�n in the near-wall region), the other profiles are higher. In
fact, all the computed profiles are very close to the linear profile in the
near-wall region when normalized by the local friction temperature
(computed using the local wall shear velocity).

The variation of rms temperature fluctuations in the wall-normal
direction, plotted in wall coordinates and normalized by the local

Fig. 19 Reynolds shear stress distributions at various locations on the
airfoil.

Fig. 20 Reynolds shear stress distribution, plotted in wall coordinates,

at x=c� 0:95.

Fig. 21 Mean temperature profiles at various locations on the airfoil.

Fig. 22 RMS values of temperature fluctuations at various locations on

the airfoil.
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friction temperature, are shown in Fig. 22. The axial locations of the
profiles correspond to those in Fig. 21. There is a rapid increase in
both the peak andwall values in the transitional region. The turbulent
profile shows wall and peak values that are lower than obtained in
the last transitional profile (x=c� 0:68) and, in wall coordinates,
extends further (s�n � 1000). These trends are very similar to those
obtained in [26], in which DNS results for transition to turbulence on
a heated flat plate are provided. The peak value in the turbulent
region, obtained here (3.32), is higher than the range of data provided
in [25] (between 2.4 and 2.8). The fine grid computation yielded a
peak value of 3.07.

Figure 23 shows turbulent heat flux profiles at the same axial
locations as in the previous figure. Here, the heat flux values have
been normalized byqw=��wCp�. These profiles are very similar to the
ones obtained for the Reynolds shear stress: a rapid increase through
the transitional region, followed by a reduction in peak value and a
sharpening of the profile in the turbulent region. The peak value
observed at x=c� 0:95 is about 1.25. The peak value obtained in
[26] is very close to 1.0, and the range provided in [25] extends
between 0.75 and 0.85. Peak values above unity have been observed

in experiments in the posttransitional region [27]. The fine grid
yielded a peak value at this location of 1.31. Figure 24 shows the
profile at x=c� 0:95 but normalized by the local rms temperature
fluctuations and the wall-normal component of the turbulent
intensity (velocity). Except near the wall, the heat flux distribution is
nearly constant at 0.5 in the boundary layer and is consistent with
turbulent boundary layer data [23,27].

An important objective of a DNS of flow over a heated flat plate,
presented in [26], was to investigate experimentally observed
negativevalues of the turbulent heatflux in the near-wall region of the
transitional boundary layer on aflat plate.Whereas some experiments
report such unexpected behavior (for example, [23]), others do not
[27]. Negative values of the turbulent heat flux were not observed in
the corresponding DNS of [26]. In the present computation, negative
values of this quantity were observed. Themagnitudewas very small
(less than 0.4%of the peak value at x=c� 0:95 and not easily seen on
the scale of Fig. 23). The region in which this was observed was at
about x=c� 0:63. The size of the region was approximately four
local boundary layer thicknesses in the streamwise direction. It is not
clear if this phenomenon is real or simply an artifact of the wall
blowing/suction procedure used to trip the boundary layer. A
computation using numerically generated freestream turbulencemay
be required to resolve this issue.However, itmust be emphasized that,
from a practical point of view, because of the small magnitudes
observed andbecause it is highly localized, this phenomenonmaynot
be very relevant in the present case. Note that a normalization using
the rms temperature fluctuations and the wall-normal component of
the turbulent intensity (velocity), instead of the wall heat flux,
magnifies the significance of this phenomenon, because the velocity
statistic is itself very small in the near-wall region.

Figure 25 shows the turbulent Prandtl number distribution at
x=c� 0:95. It is very close to unity in the near-wall region, dropping
to zero at the wall. From sn=� > 0:14 (s�n > 100:0) onward, it
gradually decreases to about 0.72 at the edge of the boundary layer.
These results are consistent with the computed results of [25] and the
experimental data of [27].

Figure 26 shows entropy contours in the exit zone. The wakes of
two adjacent airfoils are observed near the left boundary. They
gradually attenuate as they are convected downstream, because the
grid coarsens in the axial direction from left to right. Only minor
remnants of the wake remain at the exit boundary. As mentioned
earlier, this permits the use of an inviscid exit boundary condition.

Conclusions

A DNS of transitional/turbulent flow on a low-speed turbine
airfoil that is representative of an HPT vane is presented in this
study. The nonconservative form of the Navier–Stokes equations for
compressible flows is used for this simulation. The numerical
method used to solve these equations is a high-order-accurate
upwind-biased iterative-implicit finite-difference scheme and is an
extension of a method used in earlier efforts in direct simulations of
transition and turbulence on flat plates. The method and the
associated natural boundary conditions are presented in the paper.
In earlier investigations via DNS, the use of multiple zones aided in

Fig. 23 Profiles of turbulent heat flux at various locations on the airfoil,

normalized by qw=�wCp.

Fig. 24 Profile of turbulent heat flux at x=c� 0:95, normalized by

�vn�rms�rms.

Fig. 25 Turbulent Prandtl number distribution at x=c� 0:95.

Fig. 26 Instantaneous entropy contours in the exit zone showing the

numerical dissipation of the airfoil wake caused by the gradual

coarsening of the grid in the axial direction.
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distributing grid points appropriately and thus reduced the
computational costs. Here, in addition to providing this utility,
zoning of the computational grid facilitated the discretization of the
more complex computational region. The zonal boundary condi-
tions used here are also discussed in the paper. Clearly zoning will
play an integral role in DNS of most practical aerodynamic con-
figurations. The present effort has also resulted in a computer
program that can be used fairly routinely for axial flow turboma-
chinery (single row) and makes efficient use of massively parallel
computers. It is anticipated that DNS of turbomachinery airfoils will
occur much more frequently in the next few years.

The results provided in the paper include time-averaged pressure
and Stanton number distributions on the airfoil surface and turbul-
ence statistics and flow visualizations in the transitional/turbulent
regions. Comparisons with experimental and computational data
obtained for flat plates and in channels are provided. A grid refine-
ment study was conducted. The resolution provided in this com-
putation was determined to be adequate for DNS in earlier
simulations of channel flow. The refined grid provided statistics that
were, for the most part, only slightly different than those obtained on
the baseline grid. The velocity statistics in the turbulent region were
found to agree fairly well with experimental data obtained for flat
walls (both with and without pressure gradient). Even though the
present case has attributes such as surface curvature and streamwise
pressure gradient, overall, velocity and temperature statistics in the
transitional and turbulent regions are in qualitative agreement with
results obtained earlier via DNS for flat plates. The results indicate
that the essential features of transition and turbulence have been
captured in this case. They also indicate that the present finite-
difference method can be used effectively and efficiently to perform
DNS of turbulent/transitional flow.
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