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Modeling of Transition and Surface Roughness Effects
in Boundary-Layer Flows

W. J. Feiereisen* and M. Acharyat
Brown Boveri Research Center, Baden, Switzerland

Experiments were carried out to examine the influence of three-dimensional, stochastic roughness on the
growth of incompressible turbulent boundary layers, as well as the effect of streamwise pressure gradients and
freestream turbulence intensity on smooth-wall boundary-layer transition. The modeling of these effects in a
two-dimensional boundary-layer computation program was examined with the help of the experiments. A model
for surface roughness was developed that relates directly measurable statistical parameters quantifying the
roughness geometry to the aerodynamic effects. This model should be valid for a limited class of surfaces found on
turbomachinery blading and in other engineering applications. The transition comparisons point to shortcomings
in models that are widely used to predict such flows. Commonly used criteria for the transition onset performed
poorly and presumably need to be modified to account for other factors influencing the process. Additionally,
models of the transition region should reflect intermittency variations through the boundary layer in the transverse
direction and need to be modified to account for the rather strong effects of pressure gradient.

Nomenclature
A* = van Driest damping constant
¢ = skin-friction coefficient, 27,/pU}?
C = empirical value in transition correlation
E, = constant in logarithmic law for mean velocity
F = roughness term in mixing length model
G = spot formation rate
k = roughness length scale
k, = equivalent sand grain roughness scale
k* = roughness height in wall variables, ku, /v
£ = mixing length
' = mixing length in wall variables, £u, /v
L, = extent of transition region between 25
and 75% intermittency points
M = freestream Mach number
R, = centerline average roughness height
Re;, = Reynolds number based on L
Re,, = transition Reynolds number based on x,,
Rey, = Reynolds number based on Ax
T, = freestream turbulence intensity
u = velocity
Au = velocity profile shift
U, = freestream velocity
u, = shear velocity, \/;; /p
ut = velocity in wall variables, u/u,
x = streamwise coordinate
Ax = total extent of transition region
X, = empirical value in roughness correlation
Xy = location of transition onset relative to
boundary-layer origin
y = transverse coordinate
»* = transverse coordinate in wall variables, yu /v
« = empirical value in roughness correlation
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{a) = rms deviation of surface slope angles
B = empirical constant in roughness correlation
Yer = transition intermittency factor

= boundary-layer thickness

8* = Dboundary-layer displacement thickness

0 = boundary-layer momentum thickness

K = von Karméan constant

A = correlation length

p; = nondimensional eddy viscosity, £*>(du*/dy™)

v = kinematic viscosity

4 = nondimensional location in transition region,
see Eq. (3)

p = fluid density

T, = wall shear stress

Introduction

HE operational characteristics and efficiency of turbo-
machines are strongly influenced by the boundary layers
that develop on the blading surfaces. A major source of
concern for designers is the inability to compute the develop-
ment of these boundary layers with a sufficient degree of
accuracy, stemming primarily from deficiencies in the model-
ing of laminar/turbulent transition and surface roughness
effects. The present paper discusses some of the reasons for
these deficiencies and suggests ways to improve the modeling
of these effects in a boundary-layer computation procedure.
In the course of recent investigations at Brown Boveri,
experiments were conducted to examine the influence of
three-dimensional, stochastic roughness, of the type found on
turbomachinery blading, on the growth of turbulent boundary
layers, as well as the influence of freestream turbulence level
and pressure gradients on the process of laminar/turbulent
transition in the boundary layer on a hydraulically smooth
surface. In addition to providing information to aid in the
development of improved models of these processes, a number
of fully documented data sets were obtained for use in com-
parisons with computations. In a parallel effort, a steady-state
two-dimensional, finite-difference boundary-layer computa-
tion program was developed and modified to account for these
effects. The present paper reports on some of the key features
and results of the experiments and the boundary-layer compu-
tation program and compares the experimental results and
calculations. Details of the experiments have been reported in
Refs. 1 and 2.
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Background

Most calculation procedures for rough-wall boundary layers
rely on a knowledge of the equivalent sand grain roughness k,
of a surface. A concept introduced by Schlichting,’ it is a
length scale defining the nominal sand grain size that would
result in the same skin-friction coefficient as the surface under
consideration at fully rough conditions. In principle, this
concept allows one to make use of the results for sand grain
roughness for any rough surface once the value of k /k is
specified for that surface. However, the sand grain roughness
length for a surface is an aerodynamic parameter and its
relation to the readily measurable physical roughness remains
unclear. Integral methods generally account for roughness
through modified velocity profiles, together with skin-friction
and Stanton number correlations based on the sand grain
roughness Reynolds number. Differential methods such as
that employed by Cebeci and Chang* use modified eddy
viscosity formulations to account for surface roughness, again
based on the equivalent sand grain roughness.

Experiments have shown that various roughness types have
differing effects on boundary-layer development and that, for
many roughness geometries, a single parameter representing
the geometrical roughness is inadequate to specify the effect
on skin friction. Parameters such as the roughness height,
shape, density, and manner of distribution are important in
determining the net effect of the roughness on the boundary
layer. Betterman® and Dvorak® developed correlations relating
the roughness function Au/u_, which represents the shift in
the mean velocity profile due to the surface roughness, to a
roughness height scale and a density parameter, while Dirling’
attempted to relate the equivalent sand grain roughness of a
surface to the height, density, and inclination of the roughness
elements. These and other correlations have been extensively
used in computational schemes for rough-wall boundary-layer
flows with varying degrees of success. A large degree of
uncertainty still exists in the use of correlations to determine
the equivalent sand grain roughness for a general roughness
geometry. Since it is an aerodynamic rather than a geometric
quantity, an experiment is needed to establish &k /k for each
new surface considered. Alternative approaches to the prob-
lem (such as those of Lewis,® Finson,” and Lin and Bywater'®),
which avoid the concept of equivalent sand grain roughness
altogether by modeling the skin-friction drag at a rough wall
based on a consideration of the form drag on individual
protruberences, also necessitate many simplifying assumptions
and have not—as yet—proved usable for the treatment of
rough surfaces in general.

A number of experimental investigations, including those
of Turner,!! Walker,'* and Graziani et al.,!’ have shown that
significant regions of the boundary layer over both compressor
and turbine blading can be laminar or transitional. An accu-
rate prediction of such boundary layers is essential to obtain
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Fig. 1 Skin-friction correlation.
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reliable estimates of heat-transfer rates for the design of
efficient blade-cooling systems. A number of factors combine
to determine both the onset and length of the transition
region; two important ones are the streamwise pressure gradi-
ent and the freestream turbulence level. The usual procedure
is to account for these in terms of correlations such as those
developed by Seyb!* and Dunham,'® which specify a critical
transition Reynolds number as a functjon of these two factors.
Efforts to compute such boundary layers (e.g., McDonald and
Fish!® and Forest'”) have shown that models of the transition
process are not adequate and point to a need for more
experimental data that might provide guidelines for improving
these models. A few investigations along these lines have been
reported recently (i.e., those of Abu-Ghannam and Shaw'®
and Blair'®).

Experiments

Wind Tunnel and Instrumentation

The wind tunnel and instrumentation have been described
in detail by Acharya et al.! Measurements were made within
the incompressible boundary layer developing on the upper
wall of the working section. A boundary layer that was either
laminar or turbulent from the leading edge could be obtained.
The freestream turbulence level could be varied between 0.2
and 5% through the use of static grids. With the exception of
the floating elements for the measurement of the wall shear
stress, all instrumentation used was standard. Boundary-layer
profile measurements were carried out using hot wires. Sep-
arate floating-element instruments were used for wall shear
stress measurements for each of the surfaces tested. The
design and operation of the ﬁoatin§ elements have been
described in detail by Acharya et al.? Data acquisition was
accomplished using a custom-built system under the control
of a PDP 11 /04 minicomputer.

Surface Roughness Experiments

In the present approach to the problem, an effort was made
to relate statistical descriptors of the roughness characteristics
of surfaces to their effect on the boundary-layer skin friction.
Surface microgeometry measurements were made on a series
of turbomachinery blades manufactured and finished by a
variety of processes. These measurements were used to iden-
tify the parameters (and their ranges) necessary for a statisti-
cal description of such surfaces: the centerline arithmetic
average roughness R, the rms deviation of surface slope
angles (&), and a correlation length A, defined as the distance
at which the autocorrelation function of the vertical displace-
ment falls to a value of 0.1. Boundary-layer measurements
were carried out on four rough surfaces: 1) a surface with
statistical properties based upon the measurements just de-
scribed and representative of a wide class of turbomachinery
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blading, but scaled up for wind tunnel testing (designated
SRS1); 2) a variant of this surface with different roughness
parameters (designated SRS2); 3) a sand-cast surface; and
4) a mesh surface with a deterministic roughness geometry.
Measurements were also carried out on a smooth surface to
serve as a reference. A zero-pressure gradient was established
in each case, with a nominal freestream velocity of 18.8 m/s.
Data included measurements of the wall shear stress and
profiles of the mean velocity and turbulence intensities through
the boundary layer at a number of streamwise locations. The
roughness function was obtained from a fitting procedure
using the measured mean velocity profile and wall shear stress.
The reader is referred to Ref. 1 for details. Wall shear stress
data did not collapse completely when scaled with R, (Fig.
1), indicating that this is not the only parameter to use in
describing the effects of roughness on boundary layers. The
roughness function plot (Fig. 2) showed that for a limited
class of technically interesting rough surfaces represented by
the surface SRS1 the value of k,/R, is about 4.2, whereas for
the other scaled-up surface SRS2 the value is about 7. The rms
deviation in slope angle seems to play an important role.
Trends in the data indicate that k /R, increases with (a).
However, additional measurements are needed with surfaces
for which (a) is systematically varied to obtain reliable
relationships between (a) and the aerodynamic parameters.

Boundary-Layer Transition Experiments

Three separate smooth-surface boundary layers were docu-
mented in detail to serve as test cases for comparison with the
computed results. The first, designated TRA, was a baseline
flow with zero streamwise pressure gradient, a freestream
velocity of 18.8 m/s, and a freestream turbulence level of
about 0.7%. The second boundary layer, TRB, was set up with
the same approach velocity and external turbulence level as
TRA, but with a strong streamwise acceleration followed by
an adverse pressure gradient region such as might be found on
a turbine blade. The third test boundary layer, TRC, was
documented for the same pressure gradient distribution and
approach velocity as TRB, but with a freestream turbulence
level of 2.5%. The streamwise variation of the wall shear stress
was measured using the floating element instrument. Also
measured were the wall intermittency and profiles of the mean
velocity, streamwise turbulence intensity, and intermittency
factor at a number of boundary-layer locations in the laminar,
transition, and turbulent regions. Figures 3 and 4 show the
variation of near-wall intermittency and wall shear stress for
the three test flows. Further details of these measurements and
the additional experiments carried out to examine questions
regarding the near-wall behavior of the mean velocity profile
through the transition region, the asymptotic behavior of the
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Fig. 3 Streamwise variation of wall intermittency, transition experi-
ments.
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Fig. 4 Variation of skin friction, transition experiments (lines are best
fits through data).

critical transitional Reynolds number with increasing free-
stream turbulence intensity 7, and the combined effect of
pressure gradient and 7, on the onset of transition have been
described by Acharya.?

Computer Program Description

A main feature of the code, which is based on the
Patankar-Spalding?! method, is the use of so-called wall func-
tions to implement the boundary conditions at the wall. These
are semianalytical functions that relate the values of variables
at the wall to those at the first finite-difference mesh point in
the flow. The governing equations in the near-wall region can
be reduced to ordinary differential equations and, following
Crawford and Kays,?* integrated numerically between the
wall and the first mesh point. This approach eliminates the
need to compute through regions of high gradients and results
in a substantial reduction in the number of mesh points
required and a consequent saving in CPU time. The same
turbulence models are uniformly applied in both the wall
function and finite-difference computation regions. The turbu-
lence modeling is based on the work of Cebeci and Smith.??

The usual practice when simplifying the boundary-layer
equations in the near-wall region is to neglect all streamwise
derivatives apart from the pressure gradient term. However, it
can be shown that retention of the latter when the correspond-
ing convective terms have been neglected leads to mean veloc-
ity profiles that deviate widely from the accepted “log-law”
behavior, I leading some researchers to the introduction of a
“variable van Driest constant” to bring the velocity profile
back into line with log law. In the present treatment, all
derivatives in the streamwise direction were neglected in a
consistent fashion and the resulting ordinary differential equa-
tions were numerically integrated from the wall to the first
mesh point by use of a fourth-order Runge-Kutta method.
The procedure followed by Crawford and Kays** was used to
match to the finite-difference computation.

The Patankar-Spalding method involves a transformation
into coordinates that expand with the boundary layer. This
expansion is accomplished by means of “entrainment” or the
introduction of mass through the edge of the computational
mesh, to be distinguished from the physical entrainment at the
edge of the boundary layer. Ideally, the entrainment is ad-
justed to keep the outer edge of the boundary layer within the
computational mesh so that the external boundary conditions
can be satisfied, while simultaneously ensuring that the extent
of the freestream region covered by the mesh is kept to a
minimum, thereby obtaining the maximum resolution over the

IWe acknowledge discussions with M.P. Escudier that brought this
point to our attention.
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boundary layer for a given mesh size. A proper control of this
feature proved to be crucial in many calculations involving
turbomachinery boundary layers. It was found that a damped
algorithm based on the ratio of the total mesh height to the
displacement thickness at the previous streamwise location
yielded the most satisfactory results.

The numerical method employed is effectively a variation of
the implicit Euler method, applied to the streamwise deriva-
tives. The normal derivatives are eliminated by integrating the
equations over control volumes around each mesh point, thus
producing a set of coupled ordinary differential equations.
The assumption of a step velocity profile between nodes
proved to be adequate for this integration. The calculation
begins with an initial velocity profile and proceeds down-
stream making the selection of a step size necessary at each
forward step. Although the implicit method allows large step
sizes, the explicit boundary conditions on the wall place a
stability limit on the code. Three nondimensional numbers
(obtained from a linear stability analysis and analogous to the
well-known CFL condition or Courant number in time march-
ing methods) are used at every step of the calculation to
determine an optimal forward step size that accurately cap-
tures the spatial development with a minimum number of
steps.

Surface Roughness Model

The principal effects of roughness are confined to the inner
region of the boundary layer and characterized by the rough-
ness function Au/u,. It is also generally accepted that the
effects of roughness on the boundary layer are not coupled
with those of the pressure gradient and thus may be modeled
separately. The usual approach*'® has been to suitably mod-
ify the algebraic models of the mixing length (or eddy viscos-
ity) in order to account for roughness. One of the goals of the
present work was to build into such a model a direct connec-
tion between the directly measurable statistical quantities A,
R,, and {a) describing the surface roughness and their effect
on the boundary-layer development. To achieve this, the mix-
ing length is modified in a manner similar to the approach of
Cebeci and Chang* as

£ =yt +F(RI ()1 -e"*7) (D)

The term F models the increased mixing length (and turbu-
lent viscosity) in the inner region due to the roughness and is
chosen to yield the required displacement of the mean velocity
profile in the inner region coupled with a gradual fairing-in
with the velocity profile in the outer region. To determine the
appropriate form for F, data from the present experiments
were used to obtain an interpolated tabulation of the equiv-
alent sand grain size as a function of the variables R} and
{a). This tabulation was combined with the prescription
suggested by Jayatilleke?* for sand grain roughness,

0<k*<37 Au"=0

E
3.7 <kt <100 Au+=léz 0

f [ot(k*/B)2 +(1- a)EO—z]%

Eokt
k* > 100 Au+=%&z( OB ) (2)

where B is an empirical constant with a value of 30.03,
a=(1+2x3—3x2), x.=0002248 (100~ k*)/k*°58 and
E, is related to the additive constant B in the log law by
B=1/k)trE,.

The Couette flow form of the boundary-layer equations was
integrated using Eq. (1) for different values of the function F
and the corresponding sand grain roughness Reynolds number
was determined iteratively with the help of Eq. (2) to build a
table of values of F as a function of the sand grain roughness
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Fig. 5 Form of roughness function.

Reynolds number. With the help of the measurements the
sand grain length was related to the measured geometric
quantities and the functional form of F shown in Fig. 5 was
fit to these values. We believe that the form of F should be
valid for a fairly broad class of technically relevant roughness;
however, it should be emphasized that this is drawn from a
very limited set of measurements and further experiments are
needed to establish a reliable relationship between the surface
descriptors and aerodynamic parameters for general use in
boundary-layer computations. The general approach as we
have specified here would, however, remain valid.

The near-wall treatment results in velocity profiles that fair
smoothly into the curve u"=y", implying some kind of
universality near the wall. Although this is recognized as not
generally being the case for rough walls, the procedure was
used to provide a uniform way to model the displacement of
the logarithmic portion of the mean velocity profile and, as
will be seen later, yields good results for the integral quantities
and skin friction.

Transition Model

To compute the development of transitioning boundary
layers, the eddy viscosity model is empirically modified to
account for the location of the start of transition and the
length of the transition region. The critical momentum thick-
ness Reynolds number Re, for the onset of transition is
assumed to depend on the pressure gradient and freestream
turbulence and is determined from one of the three correla-
tions suggested by Seyb,'* Dunham,'* and Abu-Ghannam
and Shaw.!® Following Cebeci and Smith,? an intermittency
function that permits the gradual introduction of turbulence
into the boundary layer downstream of the transition onset
point x, is used to modify the eddy viscosity. The length of
the transition region depends on the form selected for this
intermittency. The nondimensional momentum equation with
the Couette flow assumptions becomes

du”* 1

A

where v, is the intermittency and p; the eddy viscosity. With
the definition of the mixing length [Eq. (1)], this can be
rewritten as

dut 2
=
DT (147,402

L
2

which is then integrated using the procedure described earlier.
Cebeci and Smith suggest using the following correlation for
the intermittency. This form was developed by Chen and
Thyson® using the arguments of Emmons® and Dhawan and
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Narasimha?’ that the intermittency distribution in the stream-
wise direction is Gaussian,

x d
o= 10| ~6(x—x,) [ 4]

Xy
where G is a so-called spot formation rate parameter given by
G= (3/C2)( uzo/vz) Re '

C is an empirical expression obtained by Chen and Thyson to
relate the extent of the transition region to the Reynolds
number at the start of transition and the Mach number M,

Re,, = CRe;.

C=60+4.86M2, O<M<5

The use of this and alternative approaches will be discussed
later in connection with the comparisons with experimental
results.

Computational Procedures

The measured velocity profile at the first streamwise loca-
tion was used as a basis for constructing the initial conditions.
A parameterized family of velocity profiles was fitted to the
data using a least squares technique to provide a smooth
starting profile. The finite difference grid was stretched in the
nondimensional cross-stream coordinate such that the first
point had a specified distance from the wall in wall coordi-
nates and the ratio of the distance from the wall of the last
point to the displacement thickness was approximately eight.
This ratio was then maintained constant throughout the calcu-
lation.

Comparisons and Discussion

Rough-wall Boundary Layers

Calculations of the boundary-layer development over the
two simulated rough surfaces, SRS1 and SRS2, were started
using the measured profiles at the first streamwise location,
x=0.159 m, and carried through to the last measurement
location, x = 2.859 m. The roughness function F for the two
surfaces was determined as described earlier; the correspond-
ing values for the equivalent sand grain roughness lengths
were 0.390 and 0.791 mm, respectively.

Figure 6 shows the computed streamwise variation of the
skin-friction coefficient for the two surfaces compared with
the floating element measurements. The agreement is seen to
be within the +5% accuracy of the instrument. The corre-
sponding comparisons for the variation of momentum thick-
ness are shown in Fig. 7. The agreement is very good for SRS1
and quite reasonable for SRS2, in spite of small differences in
slope. Figure 8 compares the computed and measured mean
velocity profiles for SRSL at x=2.859 m, plotted in wall
coordinates. In addition, the u* = y* curve and the smooth-
wall “log law” are shown. The first finite-difference grid point
is located at y* = 20. It can be seen that, while agreement is
good in the logarithmic and other wake regions, the computa-
tions fair in to a sublayer region that is not representative of
the measurements. This is an artifact of the way in which the
roughness function has been handled in the near-wall region
(measurements reflect the nonuniversality of the velocity in
this region due to, for instance, the wakes of isolated rough-
ness elements). The discrepancy does not, however, affect the
results for ¢, and the integral parameters and is, therefore, not
serious as far as engineering calculations are concerned.

The roughness model used was developed with the help of
experimental data obtained from SRS1 and SRS2; therefore,
it is not surprising that the comparisons are good. It is argued
that this model should be applicable for surfaces with statisti-
cally similar geometries, including a fairly large class of tech-
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nically interesting surfaces. However, it is uncertain how far
these results can be extrapolated; more experiments are needed
in order to extend the correlation to a wider parameter range.
The effects of roughness and compressibility on a turbulent
boundary layer can be superposed, so that the present model
could be used in the prediction of compressible flows as well.

Boundary-Layer Transition

Figure 9 shows the computed streamwise variations of ¢
for flow TRA compared with the experimental data. It is seen
that each of the three empirical criteria leads to a delayed
prediction of the start of transition, while the computed length
of the transition region is too short. This balancing effect
results in a reasonable prediction for the end of the transition
region. The corresponding predictions for the momentum
thickness are shown in Fig. 10. The rate of increase of ¢, in
the central region is quite well predicted.
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Fig. 6 Skin-friction comparisons, SRS 1 and SRS 2.
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As this is a steady, zero pressure gradient smooth-surface
flow, the only parameter that determines the onset of transi-
tion in the calculation is the freestream turbulence intensity.
This was fixed in the calculation at the experimentally mea-
sured value; varying it over a range beyond the limits of
experimental uncertainty did not account for the late predic-
tion. One feature of transition that none of the correlations
incorporate is the so-called unit Reynolds number effect dis-
cussed by Morkovin.® He points out that, under certain
circumstances, the location of the onset of transition cannot
be reliably predicted by the critical Reynolds number de-
termined in the standard way because all of the various
factors affecting the transition do not scale uniformly with the
freestream velocity and fluid viscosity. Measurements by
Acharya? have shown that at lower freestream turbulence
intensities, where the influence of other factors is more likely
to be important, the critical transition Reynolds number
changes with the freestream velocity, although the turbulence
intensity in the freestream is constant and a zero streamwise
pressure gradient is maintained. Thus, other factors (for exam-
ple, vibration or acoustic disturbances) that could play an
important role in determining the onset of transition are not
taken into account in these correlations.

In the modeling of transition, the critical Reynolds number
criterion defines a location upstream of which the intermit-
tency factor is zero and from which point onward the transi-
tion to turbulence sets in. In an actual boundary layer, this is
not a well-defined point. Various definitions have been used
by experimentalists in the past: the origin of the turbulent
boundary layer obtained by extrapolating the boundary-layer
thickness backward to a zero thickness, the point of minimum
skin friction, the point where the near-wall intermittency
reaches a prescribed value, the location where the velocity is a
minimum on a streamwise traverse at a fixed height above the
wall, etc. Application of these various criteria to the TRA flow
resulted in a fairly wide spread: the minimum skin-friction
location was around 600 mm, extrapolation of the turbulent
boundary-layer thickness back to its origin yielded a value of
750 mm; the 1% intermittency location was at 500 mm; and
the 5% intermittency point was at 750 mm. For such flows,
where the wall intermittency rises very slowly in the begin-
ning, the streamwise separation between the 1 and 5% inter-
mittency points can be large; in this instance, it was 250 mm.
In the calculations for this flow (see Fig. 9), the transition
point specified by all three criteria was well beyond this region
—at or after the location where the measured intermittency
was 10%. The development of turbulence already has a signifi-
cant effect on the flow at this location. Thus, it appears that
these criteria cannot be used with complete reliability for this
simplest kind of flow.

The second crucial aspect of the model is to determine the
length of the transition region. As explained earlier, this is
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done through an intermittency distribution. Initial calcula-
tions using the Chen-Thyson® correlation showed that the
computed intermittency rose far too quickly at the start of
transition and that, consequently, the predicted length of the
transition region was far too small. The likely reason is the
spot formation rate; the value of the nondimensional rate
Gv?/u’ estimated from the experimental intermittency distri-
bution (ignoring the non-Gaussian region described below)
was found to be 2.13-107!2, about one order of magnitude
smaller than the value of 2.82-107!! obtained from the
Chen-Thyson correlation. The experimentally determined dis-
tribution of intermittency shows reasonable agreement with
the correlation,

y(x) =1 — exp( —0.412¢?) ¢=(x—x.)/L, (3)

where

L,=Xy_075 = Xy=025
suggested by Dhawan and Narasimha,” except for small
deviations in the region close to the beginning of transition,
suggesting departures from Gaussian behaviour in this region.
As an alternative to the Chen-Thyson expression, the correla-
tion

ReLY =5.0Re®

suggested by Dhawan and Narasimha as being an appropriate
relationship for low-speed flows was investigated. The spot
formation rate deduced using this correlation compared very
well with the experimental value.

All calculations shown were obtained using the Dhawan-
Narasimha correlation. They represent an improvement over
the results obtained using the Chen-Thyson correlation; one
sees, however, that the prediction through the end of the
transition region is still not very good. An examination of the
computed displacement thickness in Fig. 10 shows that the use
of an empirical intermittency distribution produces a marked
dip at the beginning of the transition region and that the
predicted values downstream are too low. When the experi-
mentally determined near-wall intermittency distribution was
used instead, a considerable improvement was obtained in the
initial region, but discrepancies still remained over the second
half of the transition region. A possible explanation for this
shortcoming is the incorrect representation of the intermit-
tency distribution in the transverse direction. The use of a
scalar intermittency factor to weight the eddy viscosity formu-
lation through transition implies that the transverse variation
of eddy viscosity through the boundary layer is similar to that
in a fully turbulent boundary layer. However, there is no



1648 W. J. FEIEREISEN AND M. ACHARYA

100.0 —_— - T s s e S
a 8  Experiment x=1.2m
———-—  Mgdel x=1.Cm
] ©  Experiment x=1.3m I~
————— Model x=1.3m |
75. 00 D Experiment x=1.4m & ~ :
— ~= - Model x=1.4m |
2 [} -~ |
+ [ a i
My B ™~ ‘
> o |
- o ;
50.0 o Q’
[ o
0P i
|
b> Il o] i
—_——_——— [ — @ . —_ —_— - !
>t e e I
250! '\’/""“DD ______________ e oo
/
| =3 s ©
'0‘/»/ B a g @ o P [
P20 ° [a] T
£00 [o]
gFtPcEIDDGDD cao J
. R — L s .
0.0 0.2 0.4 0.6 0.8 1.0

y/8

Fig. 11 Eddy viscosity distributions, TRA.

reason to expect that the dynamics of a boundary layer
undergoing transition are similar to that of a turbulent
boundary layer; estimates of the transverse eddy viscosity
distribution obtained from the experimental profiles at differ-
ent streamwise locations through transition for the TRA flow
showed that this is far from true. Figure 11 shows a compari-
son of these experimental estimates with the distributions used
in the computation at three different locations in the transi-
tion region. It is seen that the eddy viscosity is overestimated
in the inner region and underestimated in the outer part of the
boundary layer where, in addition, the experiment indicates
that the value is not constant but varies throughout the layer,
increasing toward the outer edge. The crossover point also
varies through the transition region. It must be concluded that
a modeling of this behavior is necessary for a more accurate
prediction of the boundary-layer growth through the transi-
tion region and beyond.

All three of the effects described above, the onset of transi-
tion, the extent of the region, and the transverse variation of
intermittency, must be properly represented in the transition
model in order to obtain a good prediction, since one factor
affects the other. For instance, a late prediction of the transi-
tion onset is not compatible with the subsequent use of a
correlation for the length of the intermittent zone, which has a
built-in assumption that the starting point is at zero intermit-
tency.

The comparisons for flow TRB are presented next. It is seen
from the skin-friction coefficient curves of Fig. 12 that all the
transition criteria predict the start of transition far too early.
The length of the calculated transition region is also too large.
The determining factor for the correlations in this case is the
streamwise pressure gradient. The boundary layer before
transition was close to laminar separation and transitioned to
a turbulent boundary layer in a very short distance. Presum-
ably, in such a flow, upstream history effects, which the
models do not incorporate, play an important role. Although
by no means an unusual flow, this boundary layer appears to
lie outside the bounds of the data that were used to develop
the models and criteria for the transition calculation.

The final comparison is for flow TRC, which is more
representative of turbomachinery conditions where turbulence
levels are high and the pressure gradient is expected to play
much less of a role in determining the onset of transition.
Here, because of the high turbulence level, transition had set
in before the first measurement location. However, the calcu-
lations were started at this point and all of the criteria
predicted the onset of transition here. However, the de-
termination of the extent of the transition zone still remains a
problem. It is seen from Fig. 12 that the computed intermit-
tency rises far too rapidly, resulting in too short a transition
region.

In a recent paper, Narasimha et al.”® show that especially
near onset, the transition region is very sensitive to the applied
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Fig. 12 Skin-friction comparisons, TRB and TRC.

pressure gradient and can be significantly asymmetric. They
point out that assumptions of similarity [Eq. (3)] no longer
hold and that models based on the spot formation rate such as
those of Chen and Thyson must be modified to account for
the effects of pressure gradient. The comparisons for TRB and
TRC substantiate their findings that the transition under the
influence of strong pressure gradients cannot be predicted
properly by existing models.

Conclusions

The foregoing discussion of the modeling of surface rough-
ness effects in boundary-layer flows has shown that it is, in
principle, possible to model a variety of technically relevant,
three-dimensional, stochastic roughnesses in terms of selected
and directly measurable statistical parameters, the ratio A/R
and the rms slope angle variation (a). In this fashion, it is
possible to get away from the need to determine the equiv-
alent sand grain roughness for each different type of rough-
ness. It is felt that the correlation developed herein is valid for
a limited class of surfaces, such as certain types of
turbomachinery blading. However, it must be stressed that for
such a correlation to have more general applicability, further
experiments on additional rough surfaces are needed to de-
termine more accurately the trends with changes in the vari-
ous roughness parameters.

The comparisons between data taken in a set of boundary
layers undergoing laminar/turbulent transition, and the pre-
dictions of such boundary layers using models for transition
that are currently in fairly wide use, point to various short-
comings of such models and suggest possible explanations for
these failures. The criteria for determining the onset of transi-
tion used in the computations did not perform well. It appears
that many additional factors present but not accounted for in
engineering situations (such as upstream effects) play an im-
portant role in this process. The use of an intermittency
distribution to determine the length of the transition region
seems to be a reasonable approach in principle; however, this
has to be coupled properly with the transition onset correla-
tion and formulations of this intermittency distribution must
account for the transverse variations within the transition
region and also reflect the rather strong effects of the stream-
wise pressure gradient.
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