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Simulation of Laminar-Turbulent Transition with an Explicit
Navier-Stokes Flow Solver
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A low Reynolds number (LRN) k-e turbulence model has been implemented in a three-dimensional Navier-
Stokes flow solver such that laminar-turbulent boundary-layer transition can be simulated. This was done in
an attempt to improve the loss prediction of the code that had previously used wall functions and assumed fully
turbulent flow. These assumptions can lead to an overprediction of the loss for turbomachinery blade rows
containing significant regions of transitional flow. This article details the problems associated with implementing
a LRN k-e model in an explicit Navier-Stokes flow solver and presents results from testing the model on zero
pressure gradient flat plate flow at various freestream turbulence intensities and length scales. The results are
compared to experimental data and a two-dimensional boundary-layer code that utilizes the same turbulence
model. The addition of the LRN turbulence model improved the loss prediction capability of the Navier-Stokes
(NS) code, and the chosen length scale had a large effect on the predicted loss. The sensitivity to the near-wall
grid, convergence and stability problems, and excessive run times make the LRN k-e model in an explicit NS
code impractical for design applications at this time.

Nomenclature
Cd = drag coefficient
Cf = skin friction coefficient
C^, C19 C2 = k-e equation constants
DX = axial grid spacing for uniform part of grid

for Navier-Stokes code
DXR = ratio of streamwise gid spacing to boundary-

layer thickness for boundary-layer code
//*» /i> /2 = damping functions for k-e model
k = turbulent kinetic energy
L = inlet turbulence length scale
NBL = number of grid cells across boundary layer

for boundary-layer code
NX = total number of grid cells along plate
NY = total number of grid cells normal to plate
AGO = number of grid cells below y+ = 30
N4K = number of grid cells before Rex = 104

P = turbulence production
REXMIN = Rex for initial profiles for boundary-layer

code
REXl = Rex of first grid cell near leading edge for

Navier-Stokes code
ReL = Reynolds number based on length of plate
Ret = turbulence Reynolds number, k2lve
Rex — Reynolds number based on x
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Rev = Reynolds number based on distance from
wall, ^Skylv

ReH = momentum thickness Reynolds number
Rex, e = Rev at end of transition
Rex, t = Rex at start of transition
TUQ = inlet freestream turbulence intensity
Uj = Cartesian velocity components
^iniet = mlet freestream velocity
x,- = Cartesian coordinates
y = normal distance from wall
y+ = normalized distance to wall, y^rwp/jjLl
y j = y+ for first grid cell near wall
e = turbulent dissipation rate
fji, = molecular viscosity
ju, = turbulent viscosity
v = kinematic viscosity
p = density
CTA, <TF = k-e equation constants
TM. = wall shear stress

Introduction

A LTHOUGH current gas turbine engines are very effi-
cient machines, there are still gains to be made through

understanding and controlling the individual loss-producing
mechanisms. The source of loss investigated in this article is
that associated with the blade surface boundary layers. Many
existing Navier-Stokes (NS) codes assume that the boundary-
layer flow is turbulent from the leading edge. However, the
Reynolds number is relatively small in low-pressure turbines,
ranging from 4 x 105 to 8 x 105 (Ref. 1), which produces
significant regions of laminar and transitional flow. High-pres-
sure compressor blade rows can also have large regions of
laminar and transitional flow.2 In addition, transonic fans can
have laminar flow before the shock and in the subsonic hub
sections. Consequently, assuming the boundary layer to be
turbulent from the leading edge can overpredict the loss as a
result of neglecting the laminar portion of the boundary layer.
If the effect of transition can be accounted for in these codes,
turbomachinery blade designers can better tailor blade shapes
to minimize loss over the entire engine operation range.
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Fig. 1 Downstream total pressure profile for the E3 low-pressure
turbine first-stage vane using the HRN k-e turbulence model with wall
functions.

The explicit three-dimensional Navier-Stokes flow solver
for turbomachinery blade rows used in this work was de-
scribed in detail by Turner and Jennions.3 The code does
reasonably well at predicting the loss for blade rows domi-
nated by shock losses, such as transonic fans4 and some high-
pressure turbines.5 This is not the case, however, for blade
rows dominated by profile loss, such as in low-pressure tur-
bines. Figure 1, e.g., shows the predicted and experimentally
measured total pressure profiles downstream of the GE/NASA
Energy Efficient Engine (E3) low-pressure turbine first-stage
vane. Although the large loss region (total pressure deficit)
from 70-95% span, associated with the end-wall boundary
layer separating at the vane leading edge, was predicted quite
well, the loss on the remaining part of the blade was over-
predicted.

One plausible reason for the overprediction is that many
low-pressure turbine vanes are known to contain significant
regions of laminar and transitional flow, as discussed earlier.
The loss is overpredicted since the turbulence model uses wall
functions and assumes turbulent flow over the whole blade
surface. Therefore, the addition of a transition model should
improve loss prediction and is the subject of this article.

Transition Models
Two commonly used turbulence models are the Baldwin -

Lomax algebraic model6 and the two-equation k-e model.7 A
practical approach for predicting transitional flow is to extend
these models. For a design code, this is seen as more desirable
than using Reynolds stress models, large eddy simulation, or
direct numerical simulation, because these approaches are too
computationally intensive.

In this article, the LRN form of the k-s model, which has
been relatively successful in predicting laminar-turbulent
boundary-layer transition in boundary-layer codes,8 is inves-
tigated as a practical extension of an existing NS code. Com-
parisons are also made to the Baldwin-Lomax model with a
point transition approach.

The LRN k-e model of Lam and Bremhorst,9 as modified
by Rodi and Scheuerer,10 was selected for the current work.
An extensive literature review of available low Reynolds num-
ber (LRN) k-e models revealed that the Lam-Bremhorst
model was one of the best models for predicting laminar-
turbulent transition.11 Other models for which the damping
functions are dependent on y+ have been found to be un-
acceptable for transitional flow calculations.11-12 In addition,
the Lam-Bremhorst model uses the total dissipation rate as

opposed to the isotropic dissipation rate, eliminating some
additional terms for the k-e transport equations that are dif-
ficult to implement in a general three-dimensional code. The
Lam-Bremhorst model was also chosen since a two-dimen-
sional boundary-layer code existed that utilized the same LRN
k-e model and, hence, could be used for comparison purposes.
One disadvantage of the Lam-Bremhorst model is the de-
pendence on y, which is difficult to define for complex three-
dimensional geometries.

Description of Codes
The two codes used throughout the current work, a three-

dimensional NS code and a two-dimensional boundary-layer
(BL) code, are described in this section. The Lam-Bremhorst
LRN k-e model was implemented in the three-dimensional
Navier- Stokes flow solver for turbomachinery blade rows
described in detail by Turner and Jennions.3 This code solves
the full three-dimensional, compressible, Reynolds-averaged
Navier- Stokes (RANS) equations for a single blade row. The
unsteady RANS equations are marched in time to steady state
using a cell centered, finite volume, explicit Runge-Kutta
scheme. Second- and fourth-order Jameson-type smoothing
is employed with Martinelli13 anisotropic eigenvalue scaling
for highly stretched grids. Local time stepping, multigrid ac-
celeration, and implicit residual averaging with constant coef-
ficients are used to accelerate or stabilize convergence. The
code can be run inviscid, laminar, or turbulent with either
the Baldwin-Lomax algebraic turbulence model6 or the high
Reynolds number (HRN) k-e turbulence model with wall
functions.7

The two-dimensional BL code described by Zerkle and
Lounsbury14 was used throughout this work to guide the re-
search and for comparison purposes. This code is a two-di-
mensional, compressible, steady-state boundary-layer code
that uses the Lam-Bremhorst LRN k-e turbulence model as
modified by Rodi and Scheuerer.10 The code utilizes the pres-
sure correction scheme developed by Patankar and Spald-
ing.15

Implementation of LRN Model
The transport equations for the Lam-Bremhorst LRN k-e

model as modified by Rodi and Scheuerer10 are

- hr + P - pe (1)

(2)

.- (3)

The constants are C^ = 0.09, Cl = 1.44, C2 = 1.92, <rk =
1.0, cre = 1.3. In the HRN k-e model, the damping functions,
/M, /,, and /2, are all unity. For the LRN k-e model, the
functions are given by

du, du\ su,

2[l + (2Q.5//te,)] (4)

/, = 1 + (0.05//J3, /2 = 1 - exp(-/te?) (5)

The boundary conditions for k and e are given by fcwall =
0 and ewal, = vd2k/dy2. However, the simpler but approximate
boundary condition suggested by Patel et al. ,16 given by dewall/
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dy = 0, was used for the current work. Inlet conditions for
k and e are given by

k = %(TIIO-V V p — k312 II (f\\^inlet 2{1 U{J V inlet) •> £inlet ~ Kin\ct'Ll W

The k-e equations are solved decoupled from the flow equa-
tions. The flow equations are iterated with a frozen turbulent
viscosity field, then the flow variables are frozen and the
k-e equations are iterated to update the viscosity field. The
k-e equations are solved implicitly using an alternating direc-
tion implicit (ADI) approach.3

Convergence Issues
An average-error parameter was used for the convergence

criterion. The average error is defined as the rms of the change
in the absolute velocity for all grid cells, normalized by the
rms of the absolute velocity and the Courant-Friedrichs-
Lewy (CFL) multiplier, and multiplied by the cubed root of
the number of grid cells. The average error is expressed as a
percentage. For design purposes, the code is typically run
such that the average error decreases by one or two orders
of magnitude. For this work, the code was run to an average
error level of 0.001%, which typically required a three- to
four-order of magnitude decrease in the average error. This
level of convergence was adequate to ensure negligible changes
in the skin friction coefficient, the major parameter of interest
for this work.

Convergence problems were encountered throughout this
work because of the explicit solver and highly stretched near-
wall grids required to solve the LRN k-e equations. A much
lower than normal CFL multiplier (a factor that multiplies
the theoretical CFL number for the Runge-Kutta scheme)
was required to maintain stability, resulting in slow conver-
gence. The anisotropic eigenvalue scaling of Martinelli13 was
also necessary for the highly stretched grid. Similar problems
were also reported by Kunz and Lakshminarayana17 who solved
the flow and HRN k-e equations with an explicit Runge-
Kutta scheme.

Problems with starting the solution were also encountered,
as the LRN model was found to require good initial flow and
turbulence fields. Typically, the converged solution from a
HRN k-e model on a coarser grid was interpolated onto the
fine grid to start the LRN calculations. These starting prob-
lems were related to the large k and e profile gradients that
must be resolved near the wall.

Flat Plate Geometry
The NS code and corresponding grid generation system

were designed to model turbomachinery blade rows. There-
fore, a flat plate grid was created by generating a grid for a
zero thickness, camber, and stagger angle blade row. Viscous
wall boundary conditions were utilized on one blade surface,
yielding the flat plate surface, and the other blade surface
utilized inviscid wall boundary conditions to model the free-
stream boundary. The inviscid wall was placed far enough
away from the viscous wall to ensure that no pressure gradient
developed in the passage. The regions upstream of the leading
edge and downstream of the trailing edge were not modeled
to minimize run times. Uniform conditions for the velocity

Inviscid Wall

Leading
Edge

Viscous Wall

Fig. 2 Typical flat plate grid.

Trailing
Edge

field and turbulence properties (k and e) were specified at
the inlet, where boundary conditions were enforced by using
ghost cells.

Only two-dimensional calculations were performed for this
work, as the grid had a single grid cell in the span wise direc-
tion. Hyperbolic tangent stretching was used both normal to
the plate surface and in the streamwise direction. The grid
was only stretched for the first 25% of the grid near the wall
(normal to plate) and for the first 25% of the grid near the
leading edge (along the plate). The remaining 75% of the
grid had uniform spacing. A representative flat plate grid is
shown in Fig. 2. Typically, the ratio of the maximum to min-
imum cell area was near 200,000, and cell ARs were as high
as 2500.

Fully Laminar/Turbulent Results
The implementation of the LRN k-s model in the NS code

was tested by computing fully turbulent zero pressure gradient
flat plate flows. Fully laminar calculations were also made for
comparison purposes.

Run times for BL codes are relatively small, such that more
than sufficient grid point density can be used to obtain grid
independent results. However, the longer run times associ-
ated with a full NS code limit the grid that can be economically
used. A grid study was thus conducted to determine how
sensitive the NS code with LRN model might be to the near-
wall grid for fully turbulent calculations.

The grid study involved running eight cases with various
values of NY and y|, where yf varied from 0.4 to 3.4, NY
was either 64 or 80, and NX was 80. This led to values of
AGO ranging from 4 to 21. The skin friction distributions were
integrated over the flat plate to give the drag coefficient plot-
ted vs AGO in Fig. 3. The predicted drag coefficient is seen
to depend strongly on the number of grid cells in the near-
wall region, and at least 10 grid cells were required to obtain
less than 5% difference from White's18 experimental corre-
lation for fully turbulent, zero-pressure gradient, low-turbu-
lence intensity flat plate flow. The reason for this strong de-
pendence on AGO is evident in Fig. 4, which shows s vs y +

for four of the cases. A prediction from the BL code is also
shown for comparison purposes. The BL code grid had y\
values ranging from 0.004 at the leading edge to about 0.04
at the trailing edge, and AGO ranged from 95 to 58. Many grid
cells are required below a y + of 30 to adequately resolve the
large gradient and maximum in the s profile.

Fully turbulent flat plate flow was also calculated with the
other turbulence models available in the NS code. Figure 5
shows the skin friction as predicted with a fine grid (y\ =

0.50
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\ Experimental correlation for
fully turbulent flat plate (White, 1991)
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Fig. 3 Impact on loss prediction for fully turbulent flat plate with
NS code (ReL = 2.9 x 106).
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Fig. 5 Calculation of fully laminar or turbulent flat plate flow with
NS code (jt = 0.39, #30 = 14).

0.39 and N30 - 14) with the following models: HRN k-s
model with wall functions, LRN k-s model, Baldwin-Lomax
model with no wall functions, and laminar (no turbulence
model). Note that as the use of the HRN k-s model at such
low y+ values is not valid, the figure reveals large errors in
the predictions for this model, as expected. The Baldwin-
Lomax model and LRN k-s model agree fairly well, with the
LRN k-s model showing better agreement with the experi-
mental correlation.

Two laminar predictions are shown in Fig. 5, one with a
uniformly spaced axial grid and one with a stretched axial
grid. The laminar prediction with the uniform axial grid re-
sulted in errors compared to the Blasius solution for the first
25% of the plate. Increasing the density of the axial grid near
the leading edge by stretching the grid greatly improved the
laminar prediction. This was an important consideration for
later predictions of transitional flow.

Transitional Flow Predictions
BL Code Grid Sensitivity Study

The grid study already presented gave an indication of how
sensitive the LRN model was for predicting fully turbulent
flow. Another grid study was conducted to ascertain the grid
sensitivity for transitional flow predictions. A study was first
conducted with the BL code, for which many cases could be

computed inexpensively, in hopes that the results would guide
the grid study for the NS code.

The grid parameters that could be varied for the BL code
are NBL, DXR, and REXMIN. For a given grid, the values
of y | and 7V30 vary significantly from leading edge to trailing
edge. For instance, for NBL = 94, y| ranges from 0.0036
at the leading edge to about 0.034 at the trailing edge, whereas
AGO ranges from 94 to 58. At an axial location near the trailing
edge (Rex = 4.8 x 105), NBL = 36, 60, and 94 results in
y| taking the values of 0.04, 0.4, and 1.9 and AGO takes the
values of 11, 25, and 58.

Figure 6 shows skin friction distributions for the BL code
for NBL = 36, 60, and 94 for 7T/0 - 0.03 and 0.05. For
grid-independent results, NBL must be at least 60 for 77/0
= 0.05, and even larger for 7T/0 = 0.03. Figure 7 shows
predictions for various stream wise step sizes (DXR). The re-
sults were more sensitive to this parameter, but it appears
that grid independent results could be obtained if DXR was
small enough.

The effect of varying REXMIN is shown in Fig. 8, which
reveals that the transition location is not independent of REX-
MIN as REXMIN is decreased. This is contrary to the results
of Schmidt and Patankar8 who found that the transition pre-
diction was independent of REXMIN for REXMIN less than
about 1000.

From this study it can be concluded that the transition
prediction is very sensitive to the grid, especially for 77/0 =

1.0
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0.1

Exp. turbulent
correlation

x- —x TUO=0.03, NBL=94
x---x TUO=0.03, NBL=60
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O—0TUO=0.05, NBL=94
0---^TUO=0.05, NBL=60

TUO=0.05, NBL=36

Laminar (Blasius)
1 2 3 4 5

Rex*1E-05
Fig. 6 Effect of near-wall grid density for transitional flat plate with
BL code.
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Fig. 7 Effect of streamwise grid spacing for transitional flat plate
with BL code.
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Fig. 8 Effect of starting Reynolds number for BL code.
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Fig. 9 Effect of near-wall grid density for transitional flat plate with
NS code.

0.03. However, it is possible to obtain grid independent results
if the near-wall and axial grid densities are sufficiently refined.
The results are highly dependent on REXMIN, which affects
the initial profiles for k and s.

NS Code Grid Sensitivity Study
A grid study was subsequently attempted with the NS code.

Grid parameters that were varied included y\, NY, REXl,
NX, and DX. These parameters in turn led to variations in
AGO and N4K. As the grids were refined for this study, more
problems with convergence were observed as grids with higher
stretching and larger ARs were obtained. The NS code could
not be run with grids as refined as those used for the BL code
because of these convergence problems. However, the cases
that could be converged provide valuable information about
the sensitivity of the NS code predictions.

Figure 9 shows the effect of refining the near-wall grid for
a fixed streamwise grid (REXl = 50, DX = 0.064 cm, and
N4K = 30). The skin friction distribution departs from the
laminar distribution prematurely for low values of AGO. As
with the BL code, the NS code suggests that AGO must be
greater than 25 to adequately resolve the k-s profiles for
transitional flow predictions.

Figure 10 shows the effect of varying the streamwise grid
near the leading edge for a fixed cross-stream grid (y\ =
0.18, AGO - 25, NX = 80). Investigation of the k-s profiles

REX1=50,N4K=30(D)
REX1=25,N4K=33(E)
REX1=10,N4K=38(F)

Exp. turbulent correlation

Fig. 10 Effect of streamwise grid near leading edge for transitional
flat plate with NS code.
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0-0 REX1=25,DX=0.064,N30=25 (E)
---- REX1=25,DX=0.033,N30=25(G)
0—0 REX1=25,DX=0.064,N30=25 (H)
- REX1=10,DX=0.064,N30=25(F)
- - - REX1 =10,DX=0.033,N30=33 (I)

Exp. turbulent correlation

Laminar (Blasius)
1 2 3

Rex*1E-05

Fig. 11 Effect of grid refinement for transitional flat plate with NS
code.

for these cases revealed that as REXl is decreased, the value
of e at the wall increases, leading to delayed transition.19

Another case (case H in Fig. 11) was run with N4K increased
from 33 to 45 by increasing NX from 80 to 112 with REXl
fixed at 25. There was no discernable difference in the tran-
sition prediction between cases E and H, indicating that the
dependence was on REXl, not just the grid density or stretch-
ing. This is similar to the behavior observed with the BL code
as REXMIN was decreased.

The grid spacing for the latter 75% of the grid in the stream-
wise direction, for which the grid spacing is uniform, was
decreased from DX = 0.064 cm (case E) to DX = 0.033 cm
(case G) for REXl = 25. This resulted in a slight change in
the transition prediction, as shown in Fig. 11. A grid with DX
= 0.064 cm and AGO = 25 (case F) was refined both normal
to the plate and in the streamwise direction to give DX =
0.033 cm and AGO - 33 (case /), with REXl fixed at 10. The
results in Fig. 11 show a relatively small change in the pre-
dicted transition location considering the general sensitivity
of the predictions. Aside from the dependence on REXl,
these grid parameters yielded acceptably small variations in
the results. A set of grid parameters that offered a compro-
mise between accuracy and convergence time were selected
for further studies (y | = 0.18, AGO = 25, DX = 0.064 cm,
REXl = 25).
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Effect of Turbulence Parameters
The ability of the LRN model to predict the transition

location trends vs TUO and L were investigated. Figure 12
shows the predicted skin friction for various values of TUO.
As expected, the transition location moved upstream as TUO
was increased. Figure 13 shows the predicted skin friction for
TUO = 0.03 with various values of L. As the length scale is
increased, the turbulent dissipation rate is decreased, which
promotes earlier transition, as predicted. The impact on the
predicted loss was determined by calculating the drag coef-
ficient. The results from the BL code and NS code are shown
in Fig. 14. Both the turbulence intensity and length scale have
a marked effect on the predicted loss.

Bald win-Lomax Model
The point transition approach with the Baldwin-Lomax

algebraic turbulence model was studied with the NS code.
The point transition approach involves specifying the point
of transition based on experimental data or correlations. The
flow is assumed laminar before this point, and the turbulent
viscosity is set to zero. Aft of this point, the turbulent viscosity
as determined from the turbulence model is applied. This
approach is much simpler than employing a LRN k-s model,
but relies on experimental data and correlations that may not
be available for complex flow conditions. For the current

Experimental correlation for fully
i turbulent flat plate (White, 1991)

oo

TUO=0.015
TUO=0.03
TUO=0.05
TUO=0.08
TUO=0.10

1.5 2.0
Rex*1E-05

Fig. 12 Effect of inlet freestream turbulence intensity on transition
prediction for NS code.
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Fig. 13 Effect of inlet turbulence length scale on transition prediction
for NS code.
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Fig. 14 Effect of inlet freestream turbulence intensity and length scale
on predicted loss.
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Fig. 15 Bald win-Lomax model without wall functions (jt = 0.39)
using Mayle1 correlation for transition location.

work, the location of the start of transition was determined
from the experimental correlation given by Mayle.1

Figure 15 shows the predicted skin friction using this ap-
proach on a fine grid (_y| = 0.39) without wall functions for
several turbulence intensities, showing encouraging results.
The same methodology was applied on a coarser grid (y|
= 50) with wall functions for TUO = 0.03, shown in Fig. 16.
The resulting skin friction distribution is unacceptable, indi-
cating that a point transition model or intermittency model
cannot be used with wall functions because there is insufficient
grid to resolve the laminar boundary layer upstream of tran-
sition. It also points to the need for a laminar wall function.

The ability of the NS code to predict the boundary-layer
loss was assessed by calculating the drag coefficient for pre-
dictions with several different turbulence models, shown vs
turbulence intensity in Fig. 17. Predictions using the BL code
are also shown for comparison. Although these plots do not
provide details of the transition process, transition is expected
to occur in this length and they describe well the limits of the
laminar and turbulent cases. As expected, the HRN k-s model
grossly overpredicts the loss for turbulence intensities below
5% compared to the other models that can account for the
boundary-layer transition. The addition of a transition model
in the NS code has greatly improved the loss prediction ca-
pability.
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Fig. 16 Baldwin-Lomax model with wall functions 0>t = 50) using
Mayle's correlation (Ref. 1) for transition location.
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Fig. 18 Comparison of BL code results to experimental correlations
for start and end of transition.
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Fig. 19 Comparison of NS code results to experimental correlations
for start and end of transition.

Comparison to Experimental Data
The results were compared to experimental correlations to

gain further understanding about the capabilities of the model
to simulate transitional flow. The correlation for the start of
transition is from Mayle,1 and the correlation for the end of
transition is given by Abu-Ghannam and Shaw.20

Figure 18 shows the start and end of transition for the BL
code predictions, and Fig. 19 shows corresponding results for
the NS code. The experimental correlations are independent
of length scale because the effect of length scale has not been
adequately studied experimentally.1 However, the calcula-
tions are clearly dependent on the length scale. In fact, the
BL code did not predict transition for L = 0.064 cm for
turbulence intensities below 10%. Except for high-turbulence
intensities, the BL code typically predicts transition that oc-
curs too late compared to the correlation. Figure 19, con-
versely, shows that the NS code typically predicts transition
that occurs too early. Both codes predict transition lengths
that are as much as 50% too short, with the BL code being
worse.

Figures 18 and 19 also reveal that the NS code always pre-
dicts transition earlier than the BL code. The disagreement
between the predicted transition locations for the two codes
is attributable to differences in the numerics and assumed
physics, computational grids, and initial or inlet conditions.

Modifications to the LRN model, such as those proposed
by Schmidt and Patankar,21 could be incorporated to improve
the predictions of the NS code. However, the modifications
they present rely on boundary-layer parameters that are dif-
ficult to define for a general, complex three-dimensional flow-
field. Choi and Knight22 have proposed alternate formulations
of Schmidt and Patankar's work that do not rely on such
parameters, but they did not test the proposed formulations.
Developing such modifications was beyond the scope of the
current work. Improved LRN k-s models that have been de-
veloped to better predict transition, such as the one proposed
by Biswas and Fukuyama,23 should also be considered.

Conclusions
The Lam-Bremhorst LRN k-s turbulence model has been

implemented in a full three-dimensional NS flow solver in an
attempt to improve the loss prediction capability for turbom-
achinery blade rows containing significant regions of laminar
and transitional flow. The LRN model has been tested ex-
tensively with fully laminar, fully turbulent, and transitional
zero pressure gradient flat plate flow at various freestream
turbulence intensities and length scales. The results were com-
pared to experimental data and a two-dimensional BL code
that uses the same LRN model.
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The results indicate that the NS code predicts fully laminar
and fully turbulent flow well and the addition of the LRN
model has improved the loss prediction for transitional flows.
The chosen length scale was shown to have a large effect on
the predicted loss.

The BL and NS code were both found to be sensitive to
the near-wall grid and the grid near the leading edge for
transitional calculations, but the grids could be sufficiently
refined to obtain grid independent results. However, con-
vergence problems associated with an explicit flow solver lim-
ited the amount of grid refinement that could be practically
used. Compared to experimental data, the NS code usually
predicted transition too early, while the BL code usually pre-
dicted transition too late. Both codes predicted transition lengths
that were too short.

The sensitivity of the LRN model to the near-wall grid and
length scale, convergence and stability problems, and exces-
sive run times make the LRN k-s model in an explicit NS
code currently impractical for design applications. A more
practical approach is the use of a point transition model with
the algebraic Baldwin-Lomax model. However, this raises
questions about the availability of suitable correlations for the
start of transition for complex flows such as in turbomachinery
blade rows.
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