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Abstract

The present numerical study was performed to investigate the impact of both the Reynolds number variation and the used turbulence model to
capture the boundary layer development on the characteristic of a BR710 fan blade. A one-equation model of Spalart Allmaras with an optional
semi-empirical transition model of Abu-Ghanam Shaw has been applied. The transition model allows the boundary layer development from a
laminar to a turbulent behaviour to be taken into account. This is of particular importance at low Reynolds numbers and thus high operating
altitudes of airplanes when the transition location moves further downstream to the trailing edge. Therefore the interaction between the shock
waves of the transonic fan blade row and the boundary layer leads to a significant change of the characteristic. The steady numerical studies of
the 3-D blade passage have been carried out with the commercial 3-D Navier–Stokes solver NUMECA. Additionally an unsteady calculation has
been applied to explain the penalty in efficiency on high operating altitudes.
© 2007 Elsevier Masson SAS. All rights reserved.

Zusammenfassung

Die vorliegende numerische Arbeit wurde durchgeführt, um den Einfluss einer Reynoldszahlveränderung und die Verwendung unterschiedlicher
Turbulenzmodelle zur Modellierung der Grenzschichtentwicklung auf die Kennlinie des BR710 Fans zu untersuchen. Dabei kam ein Einglei-
chungsmodell von Spalart Allmaras mit einer optionalen Erweiterung eines halbempirischen Transitionsmodells von Abu-Ghanam Shaw zum
Einsatz. Die Verwendung des Transitionsmodells ermöglicht die Berücksichtigung der Grenzschichtentwicklung vom laminaren zum turbulenten
Zustand. Dies ist für geringe Reynoldszahlen, wie sie in großen Flughöhen von Flugzeugen auftreten, von besonderer Bedeutung, da sich die
Transition der Grenzschicht weiter stromabwärts auf der Fanschaufel vollzieht. Als Folge daraus führt die Interaktion zwischen den Stoßwellen
und der Grenzschicht der transsonischen Fanstufe zu einer signifikanten Veränderung der Kennlinie. Die stationären numerischen Untersuchungen
der 3-D Schaufelpassage wurden mit Hilfe des kommerziellen 3-D Navier–Stokes-Gleichungslösers NUMECA durchgeführt. Zusätzlich wurde
eine instationäre Lösung berechnet, um die beobachteten Wirkungsgradeinbußen bei großen Flughöhen zu erklären.
© 2007 Elsevier Masson SAS. All rights reserved.
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Nomenclature

α angle of attach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦
c chord length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Cf = τw

ρ
2 U2 skin friction coefficient

sign(τwAx) signum of wall shear stress in axial direction
d wall distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
D/Dt total derivative
f frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1/s
gt grid spacing factor
Γ intermittency (0 = laminar, 1 = turbulent)

ηis =
( P̄totOut

P̄totInl

) κ−1
κ −1

T̄totOut
T̄totInl

−1
isentropic efficiency based on mass flow

weighted total quantities
M Mach number

ṁred = ṁ ·
√

T̄totInl

P̄totInl
flow function (total corrected mass

flow) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg
s

√
K

kPa

ν kinematic viscosity . . . . . . . . . . . . . . . . . . . . . . . m2/s
ν̃ turbulent working variable . . . . . . . . . . . . . . . . m2/s
p∗ = Pstat/PtotInl critical pressure (M = 1)

Π = P̄totOut
P̄totInl

mass flow weighted pressure ratio

Re Reynolds number based on fan chord length
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

s surface coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . m
s0 surface length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
S̃ production term
Sr = c·f

U
Strouhal number

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
τw viscous stress . . . . . . . . . . . . . . . . . . . . . . . . . . . N/m2

U velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s

uτ =
√

τw

ρ
wall friction velocity . . . . . . . . . . . . . . . . . . . . m/s

y+ = uτ ·d
ν

non-dimension wall distance
1. Introduction

The aim to increase the efficiency of propulsion turbojet en-
gines motivated the designers of fan blades to reduce the pres-
sure losses caused by the viscous effects along the blade surface
and the shock losses. Recent airfoil designs are based on so-
called transonic laminar profiles leading to a drag reduction of
up to 15%. The boundary layer is kept in a laminar shape up to
50% of the cord length by active flow control or by the design
of the blade to reach this benefit. This effect is also taken into
account within the design process of a fan blade to increase the
efficiency of the stage.

In order to take advantage of the effect it is necessary that
the design tool provides for the laminar turbulent behaviour of
the boundary layer. The transition from a laminar to a turbulent
boundary layer has a serious impact on the overall drag and
performance of the blade. The influence is increased when the
Reynolds number is low.

This is the case for high operating altitudes. For example
corporate jets operate at altitudes up to 51 kft to get a direct con-
nection to their flight destination. Under these conditions the
low density causes high kinetic viscosity and thus the Reynolds
number decreases significantly. As a result the transition occurs
further downstream on the blade, which leads to an extended
length of the laminar boundary layer.

Compared to an airfoil the detached shock wave of a blade
row enters the blade passage and interacts with the boundary
layer of the adjacent blade. Depending on the Reynolds num-
ber and the shock angle the boundary layer can still be laminar
when the shock impinges the boundary layer. In this case the in-
teraction is stronger than in the turbulent case. The position of
the boundary layer transition becomes unstable because of the
interaction. This movement of the transition region has to be
taken into account within the design process to prevent flutter
problems.
2. Shock-boundary-layer-interaction

There are general differences between laminar and turbulent
shock-boundary-layer interactions. Usually a laminar shock-
boundary-layer interaction region is much more sensitive to a
large pressure gradient than a turbulent one. Thus the flow can
in this case not withstand the pressure increase and separates
earlier. This causes performance and stability penalties. Fur-
thermore it is well known that the unsteady shock oscillations
are much more pronounced in the case of a laminar interaction.
Knowledge of this makes it possible to perform a redesign of
a fan blade, which is much less sensitive to laminar-turbulent
transition effects. To represent the conditions of free flight in a
wind tunnel test as realistically as possible, the transition from
laminar to turbulent flow is, in most cases, fixed in the prox-
imity of a profile leading edge by means of a transition strip.
For traditional transonic airfoils, this assumption was correct
because of its geometry and the resulting pressure distribution
(front loading which results in strong positive pressure gradi-
ent).

In the work of Swoboda and Nitsche [10] a direct compari-
son of the flow around a transonic airfoil in fully turbulent (fixed
transition) and transitional case is given. They use conventional
field measuring techniques and advanced unsteady surface mea-
suring techniques to clarify the differences, which occur during
turbulent and transitional shock boundary-layer interactions.

Even when using conventional measuring techniques, large
differences between laminar and transition-fixed flow can be
observed. In order to illustrate this, the global flow field was
measured by means of Laser-2-Focus anemometry in the mid-
dle section of an airfoil in a wind tunnel. A CAST7 airfoil was
investigated here. The Reynolds number, which is based on pro-
file chord of 0.1 m was 1.4 Million. Here, the same shock posi-
tion that occurs in the two different flow fields was in the focus
of interest. As a first and most important result, the free stream
Mach numbers differ in the respective cases. As an example,
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Fig. 1. Measured (L2F) Mach number distribution for a CAST 7 airfoil for laminar and fully turbulent boundary layers at two different shock positions.
the results of this Mach number measurements are presented in
Fig. 1 (left) at a shock position of 32% of profile chord. Fig. 1
(right) shows the same result for a shock located further down-
stream at position of 47% chord. The differences between free
and fixed transition are to be clearly seen. In the case of free
transition, the flow accelerates regularly on the suction side into
the supersonic region, but slows down as early as in the middle
of this region above a front foot of a λ-shock, which is caused
by the beginning of the separation bubble. Here, the beginning
of the separation bubble has the same effect as a viscous ramp
in the supersonic region. For this reason, the supersonic region
is limited by means of a shock that is slightly curved in the up-
stream direction.

Concerning fixed transition, the flow is accelerated later on
the suction side, and the supersonic region is limited by a
more or less vertical (and therefore stronger) shock. Because
of greater fluctuations, the supersonic region is also more fully
developed above the airfoil in this case. Further downstream of
the shock, a slight expansion behind the shock takes place in
both cases. This expansion is much more distinct in the case of
free transition.

All those effects described above are also valid for turbo
machinery flows. Especially in fan blades the free stream tur-
bulence is very low which avoids an early transition and might
lead to a laminar boundary layer in the shock region. To pro-
mote early transition Ginder and Calvert [3] chose a suction
side pressure distribution with flow deceleration to ensure that
the boundary layer is turbulent when the shock attaches the fan
blade. In this case they can assume a turbulent shock-boundary
layer interaction. This is not the case in conventional designs
where the location of the boundary layer transition is more
influenced by the Reynolds number. In small fan blades the
Reynolds number is lower and the shape and thickness of the
leading edge becomes of particular importance for the transi-
tion location because of leading edge separation bubbles (Wal-
raevens and Cumpsty [11]). Additionally there is no earlier
transition expected as it is normally assumed in the scaled ex-
periments for airfoils. The fan blades are tested in full scale and
thus there is no need for a Reynolds number correction, which
would move the transition point further upstream. Due to those
effects the transition point of the boundary layer can vary and
the interaction with the shock can change. But the transition lo-
cation can also change because of the operating conditions. The
operating range of a turbo machine can vary significantly from
take off at atmospheric ambient conditions up to very high alti-
tudes. Consequently, the variation of Reynolds numbers is very
high within the operating range of a turbo machine and thus the
effects described above are very important and have to be taken
into account during the design of turbo machinery components.

3. Computational method

Within the frame of the presented computations a commer-
cial CFD systems has been employed. FINE™/Turbo, devel-
oped by NUMECA Int. S.A, is a specialised CFD package for
all types of turbomachinery applications. The package includes
automatic structured grid generation, the flow solver and a post
processing software. All program modules are embedded into a
turbomachinery specific environment.

The numerical scheme solves the 3D Reynolds-averaged
Navier–Stokes equations (RANS) on general structured non-
orthogonal multi-block grids. The flexibility of the structured
grids is greatly enhanced by use of so-called “Full Non Match-
ing Connections”, a technique, which allows to arbitrarily con-
necting grids block of different grid topologies or point num-
bers to each other without numerical interpolation losses.

The numerical algorithm incorporated into FINE™/Turbo is
an explicit four stage Runge–Kutta scheme (Jameson and Baker
[5]). A variety of convergence acceleration techniques are em-
ployed, such as implicit residual smoothing, dual time stepping
and a full multigrid algorithm. Space integration is performed
using a second order cell-centred finite volume discretisation
with second and fourth order artificial dissipation. Coarse grid
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calculations can be carried out in an automatic way on every
coarser grid level. A dual time stepping approach was used for
the unsteady calculations.

A number of turbulence models are available within FINE™/
Turbo. In the scope of the present work the one-equation low
Reynolds number model of Spalart and Allmaras [9] has been
chosen, in connection with a transition model. The location of
the transition onset and the length of the transition region are
based on a semi-empirical approach proposed by Abu-Ghanam
and Shaw [1]. The implementation and the influence of the in-
termittency distribution was investigated by Hildebrandt et al.
[4] on a 1,5 stage low speed compressor.

4. Transition model

For the simulations in the present work the one-equation
turbulence model of Spalart and Allmaras [1] was used in com-
bination with the transition model of Abu-Ghanam Shaw.

The one-equation turbulence model of Spalart–Allmaras
models can be written as:

Dν̃

Dt
= cb1[1 − ft2]S̃ν̃ + 1

σ

[∇.
(
(ν + ν̃)∇ν̃

)

+ cb2(∇ν̃)2] −
[
cw1fw − cb1

κ2
ft2

][
ν̃

d

]2

+ ft1�U2 (1)

where ν is the molecular kinematic viscosity and ν̃ denotes the
turbulent working variable (Spalart and Allmaras, [9]). The ft2
term has been introduced by Spalart and Allmaras in order to
alter the production term so that a zero value of ν̃ becomes a
stable solution in the laminar region. This term can be written
as:

ft2 = ct3 exp(−ct4χ
2) (2)

where χ = ν̃/ν.
The last term on the right-hand side of Eq. (1) is the “trip”

term, which promotes turbulence. It depends on �U , which is
the norm of the difference between the velocity at the trip point
and that at the field point considered, and on the ft1 function.
The trip function can be written as:

ft1 = ct1gt exp

(
−ct2

ω2
t

�U2

[
d2 + gtd

2
t

])
(3)

ωt denotes the vorticity at the closest transition point, whereas
dt is the distance to this point. d is the distance to the solid wall.
The gt factor allows the shape of the ellipse to depend on the
grid spacing along the wall at the trip:�xt . It is defined as:

gt = min

(
0.1,

�U

ωt�xt

)
(4)

The model constants in this formulation are ct1 = 10, ct2 =
2, ct3 = 1.2, and ct4 = 0.5.

In order to apply this model in unsteady mode, re-laminaris-
ation has to be allowed. One option is to introduce a so-called
intermittency, Γ . It is defined as the fraction of time during
which the flow over any point on a surface is turbulent. It should
be zero in the laminar boundary layer and unity in a fully de-
veloped turbulent boundary layer. The intermittency is used to
multiply the production term. For the Spalart–Allmaras turbu-
lence model this leads to:

S̃ = Γ S̃ (5)

Free-stream wakes (with only a weak production term) will not
be affected by the intermittency. A laminar boundary layer will
be preserved upstream of the transition location and turbulence
could freely develop thereafter. As a default the intermittency is
zero before transition and one after the transition onset (binary
behaviour). Transition was therefore triggered, unnaturally, in
an on-off manner. In order to gain more insight about the effect
of intermittency Hildebrandt et al. [4] have performed calcu-
lations with an intermittency distribution according to Dhawan
and Narasimha [2]. There are only small deviations compared
to the non-intermittent results without an intermittency distrib-
ution. The transition onset is moved only slightly downstream
in the case of a calculation with an intermittency distribution.
The capabilities of the transition model were tested in a 4-stage
compressor and compared with experimental results from Jo-
hann et al. [6]. Because of the good agreement of the predicted
transition locations of the model with the measured transition
locations on the (hot wire equipped) stators the transition model
was used instead of the higher order models like the one of
Menter et al. [8], which would lead to more detailed results.

5. Investigated fan blade

Most calculations were carried out on an early preliminary
design of a BR710 fan blade. The conventional blade pro-
files were designed in house and are not comparable to pre-
compression designs from Ginder and Calvert [3]. Therefore
the results cannot be used to draw general conclusions for fan
blades other than the small BR710 one. The BR710 engine,
which powers a number of corporate jets, is equipped with a fan
of 48 inch diameter. The jets equipped with this engine are de-
signed to fly at very high altitude of up to 51.000 ft (15545 m).
The atmospheric conditions at this altitude result in very low
Reynolds numbers. To explore the differences between ambient
sea level conditions and the flight at high altitude the fan blade
was calculated at both conditions. The reduced rotational speed
was kept constant in order to ensure comparable inlet conditions
in terms of the Mach number. Below, the Reynolds numbers are
depicted:

BR710 Fan Sea Level: Resea = 2.3 × 106

BR710 Fan 51 kft Altitude: Realt = 5.06 × 105

6. Numerical grid

The mesh is a structured multi-block topology consisting of
a total of 9 mesh blocks leading to an overall grid size of ap-
proximately 1.6 million grid points.

Fig. 2 shows the overall computational domain and the re-
spective calculated passage. Further details of the grid are
shown in Fig. 3 at the mid span position. The tip clearance gap
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Fig. 2. BR710 fan blade coarse grid (skip = 2), repetition.

Fig. 3. Grid at mid span in blade to blade view and boundary conditions for the
computational domain.

is resolved quite finely with 17 radial grid points to resolve the
tip clearance vortex flow.

The Spalart–Allmaras turbulence model is used in a low-
Reynolds formulation without wall functions requiring a fine
mesh resolution to ensure at least a few cells inside the vis-
cous sublayer. Consequently, the non-dimensional wall distance
should be in the range of values within the viscous sublayer ver-
ified by Fig. 4 for the calculation with fully turbulent treatment
of the boundary layer (Spalart–Allmaras) under sea level (high
Re) conditions (rotor at midspan).

Since the y+-values are directly correlated with the wall
shear stress, a transition location can be observed on these val-
ues, because higher levels of wall shear stress result in higher
y+-values. On the suction side (SS) the step in y+ occurs at
s/s0 = 0.55 whereas the transition on the pressure side (PS) is
located at ∼s/s0 = 0.3.

The calculations have been carried out on a single proces-
sor INTEL 2.6 GHz processor. Computational time for one
Fig. 4. y+ values in the first cell above the blade surface on the suction side and
pressure side.

Table 1
Boundary conditions

Sea level Altitude 51 kft

Inlet pt1 101 350 Pa 20208 Pa
Tt1 288 K 227 K
νt1 10e–4 m2/s 10e–4 m2/s

Outlet p2 86000 17150
. . . . . .

108000 Pa 23000 Pa

operation point was in the order of 6 h, typically leading to a
reduction in residual of 4 orders of magnitude.

7. Boundary conditions

In Table 1 the boundary conditions for both calculations are
listed. Total pressure, total temperature, flow angle and turbu-
lent intensity are prescribed at the inlet. The flow enters the
calculation domain in axial direction. For the calculation of the
characteristics (pressure ratio and efficiency versus mass flow)
the exit pressure was varied. For that reason a simple radial
equilibrium was applied for each of the applied pressures at the
exit.

8. Results and comparison

Steady calculations with a fully turbulent and a transitional
treatment of the boundary layer for two different operating alti-
tudes are compared in the first subsection. An unsteady calcu-
lation with the transition model for the altitude case was added
because of a significant change in the characteristic of the fan
was found in the steady calculations. The results of the unsteady
part of the investigations are discussed in the second subsection.

8.1. Steady investigation

Four compressor characteristics were calculated by increas-
ing the backpressure step by step at the outlet of the compu-
tational domain. In the following diagrams the results for the
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Fig. 5. Fan characteristic pressure ratio over reduced mass flow.

Fig. 6. Fan characteristic adiabatic efficiency.

sea level conditions and thus high Reynolds numbers are repre-
sented by red colour for the turbulent treatment of the bound-
ary layer and by orange colour for the calculations with the
Abu–Ghanam–Shaw transition model extension. The calcula-
tions under altitude conditions, which correspond to the low
Reynolds number, are plotted in blue colour for the fully tur-
bulent boundary layer calculations and in light blue for the
transition model results.1 Depending on the usage of the transi-
tion model and the operating conditions at sea level and altitude
the characteristic of the fan changes (see Figs. 5 and 6).

Both the pressure ratio and the efficiency is increased by
switching from the turbulent boundary layer calculation (red
line) to the transition model (orange) at sea level conditions
whilst the behaviour is vice versa for the altitude operating con-

1 For colours see the web version of this article.
Fig. 7. Skin friction coefficient at fan blade surface at 93% span for sea level
conditions (Re = 2.3 × 106).

ditions (blue and light blue). The transition model (light blue)
calculates smaller pressure ratios and poorer efficiencies near
the working line at high altitudes and low Reynolds numbers
respectively. It should be mentioned that the calculation of the
flight case in high altitudes matches the behaviour of the scaled
test rig experimental results (in house) best even though the
mass flow is under predicted.

The total corrected mass flow is increased for the high
Reynolds numbers cases and especially for the used transition
model (orange line). It is known that high Reynolds numbers
lead to thinner boundary layers and thus to a smaller blockage
(see Wassel [12]). If the boundary layer is allowed to stay lam-
inar as it is the case for the calculations with transition model
(orange) the boundary layers can be even thinner (compared to
the turbulent calculation) close to the leading edge and as a re-
sult of the reduced blockage the mass flow is increased.

To investigate the effect of the transition on the fan character-
istic near the working line, the skin friction coefficients along
the blade surface at 93% span are compared to each other in
Fig. 7 for sea level conditions and in Fig. 8 for altitude condi-
tions on the suction side (SS) and pressure side (PS) of the fan.
The enlarged makers in the fan characteristic plots indicate the
selected points for the comparison (see Figs. 5 and 6).

It is obvious that the choice of the transition model leads to
a significant change in the wall stress distribution for both op-
erating altitudes. The reduced shear stress at the first section
of the blade especially for the sea level case (Fig. 7) is due to
the laminar behaviour of the boundary layer. The skin friction
coefficient values of the calculations with the transition model
approximate to the turbulent solutions after the shock wakes
impinge at the positions s/s0 = 0.4 at the pressure side and
s/s0 = 0.8 at the suction side.
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Fig. 8. Skin friction coefficient at fan blade surface at 93% span for altitude
conditions (Re = 5.05 × 105).

Further downstream where the boundary layer is turbulent
in both calculations with the turbulence model and the tran-
sition model the skin friction coefficient values are in good
agreement for sea level conditions. The kinks on the pressure
side correspond to the indicated shock locations, which repre-
sent the relative Mach number lines of 1 close to the boundary
layer. In the transition sea level case (orange) the skin friction
coefficient falls underneath zero at s/s0 = 0.33, which means
that a small separation bubble is located under the shock. Be-
cause of the curvature of the blade at the pressure side the flow
reattaches further downstream. On the suction side of the blade
the flow separates after the shock impingement (fully turbulent
s/s0 = 0.64 and with transition model s/s0 = 0.84). For the
transition sea level calculation this occurs later and therefore
the separation region is smaller (see Figs. 7 and 13). Due to the
thinner boundary layer the shock moves further downstream in
the passage (orange line).

This is not the case for the operating altitude of 51 kft (SS
trans. altitude SA-AGS, light blue) where the skin friction co-
efficient falls below zero after an oblique shock attaches the
suction side of the blade at s/s0 = 0.375 (Fig. 8). The oblique
shock is visible as the yellow region ahead of the shock in the
relative Mach number plot in Fig. 10 (Re = 5.06 × 105, trans.
altitude). In Fig. 8 this region was named viscous ramp and is
indicated by the light blue line in the bottom part of Fig. 8. It
ends with the shock at s/s0 = 0.84 where the transition takes
place. Therefore the oblique shock starts at the location where
the boundary layer is still laminar. In this region the laminar
boundary layer separates from the suction side of the fan blade.
The separation bubble is significantly increased compared to
the calculation with fully turbulent boundary layer (see Figs. 8
and 13), which explains the higher blockage and thus the mass
flow defect in the fan characteristic in Fig. 5.
Fig. 9. Intermittency at suction side for sea level (left) and altitude (right), blue
laminar, red turbulent boundary layer treatment. (For interpretation of the ref-
erences to colour, the reader is referred to the web version of this article.)

Table 2
Location of transition

Suction side (s/s0) pressure side (s/s0)

Sea level 0.78 0.28
Altitude 0.78 0.64

Fig. 10. Relative Mach number at 93% span.

Close to the shock position the transition from laminar to
turbulent boundary layer occurs. It is assumed that the boundary
layer transition is triggered by the shock. The existence of the
laminar flow, represented by the blue colour, at the inlet of the
blade is shown in Fig. 9 for the sea level and the altitude case.
The locations of the transition is provided in Table 2.

Even for the high Reynolds number in the sea level case the
boundary layer keeps laminar in the first part of the blade. The
transition line moves downstream for the altitude conditions,
as can be seen in the right contour plot in Fig. 9. Due to the
lower Reynolds number the laminar boundary layer is extended
further towards the trailing edge.

The shock position is shown in the plot of the relative Mach
number in the blade to blade section at 93% span in Fig. 10.
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Fig. 11. Static pressure distribution on the fan blade surface at 93% span for sea
level conditions.

The location of the shock is changed significantly when the
transition model is used. Further more the passage blocking
moves downstream and increases the regions where bound-
ary layer shock interactions take place. As mentioned before
the laminar boundary layer interacts more sensitive with the
shock than the turbulent boundary layer. Therefore the interac-
tion region becomes bigger in the calculation with the transition
model and the passage blocking moves further downstream.
Further more the boundary layer thickness develops slower in
the transition model calculations due to the consideration of the
laminar boundary layer. Because of the thinner boundary layer
at the passage inlet the minimum channel height is reached later
than in the fully turbulent calculation. Especially in the altitude
case with low Reynolds number the passage shock is changed
close to the suction side. As also indicated by the plot of the
skin friction a large separation bubble extends underneath the
shock wave towards the leading edge. At the beginning of this
separation an oblique shock takes place, which can be identified
by the viscous ramp (yellow triangle) ahead of the main shock
wave.

The static pressure was related to the total pressure at the
stagnation point of the fan blade and was plotted for all investi-
gated parameters to ascertain the differences in the characteris-
tic of the fan stage (see Figs. 11 and 12). The additional black
lines in the plots represent the pressure p∗ where speed of sound
is reached.

The shock is located at the intersection points of the pres-
sure lines with the constant p∗ = 0.528 line. The shock attaches
the blade surfaces later when the transition model is used. This
corresponds to the contour plots of the relative Mach number
wherein the passage shock is located further downstream.

The flow especially in the tip region of the blade is more sen-
sitive at low Reynolds numbers in the transitional simulation.
This was also observed from Kügeler et al. [7] where a separa-
tion bubble and a lambda-type shock on the suction side of the
Fig. 12. Static pressure distribution on the fan blade surface at 93% for altitude
conditions.

Fig. 13. Vector plots and iso lines at the trailing edge of the fan blade.

DLR-TSG-97-cascade transonic profile was more pronounced
in the computation with the transition model.

The separation bubbles are identified by the iso lines in
the vector plot of the tangential component of the velocity in
Fig. 13. Whilst the separation starts for the turbulent calcula-
tions more or less at the same point at 93% span, the behaviour
in the transitional computation is completely different. In the
sea level case the separation moves further downstream com-
pared to the turbulent calculation. Under the altitude conditions
the separation occurs significantly earlier for the calculations
with the transition model. The onset of the laminar separation
corresponds to the first kink on the suction side in the static
pressure distribution in Fig. 12. More than 60% of the cord
length of the blade the flow is separated from the suction side
surface (see also Fig. 12). Therefore the blade to blade passage
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Fig. 14. Graphical representation of the mass flows at the inlet and outlet of the computational domain to characterise the time-dependent operating behaviour of the
flow in the fan (high altitude transition model).
is blocked by the thickened boundary layer at the passage exit.
This leads to the reduced mass flow in the fan characteristic
at high altitude conditions and a penalty in the efficiency (see
Fig. 5).

8.2. Unsteady investigation

Based on the results of the steady simulations, which demon-
strate the time averaged impact of the Reynolds number on
the fan characteristic, additional unsteady simulations of the
altitude case with transition model were conducted to further in-
vestigate the dynamic behaviour. A detailed analysis of the un-
steady results was performed to gain insights into the prevailing
flow conditions, especially with regard to a further development
of the fan to increase the efficiency and to guarantee a robust op-
erating behaviour. The characteristic parameters describing the
periodic, time-dependent operating behaviour of the BR710 fan
are given by the rotation speed and the number of blades. For
the simulated operating point this results in a Strouhal-number
of Sr = 0.109 using the rotation speed and a Strouhal-number
of Sr = 2.609 using the number of blades.

Fig. 14 displays the mass flow for two revolutions of the fan.
Therein the blade passages (alternation of white and grey) and
one revolution of the rotor (alternation of blue and transparent)
are accentuated by different colours.

In contrast to the fluctuations in the mass flow at the inlet
and outlet of the computational domain, which are also shown
in Fig. 14, the frequencies of the time-dependent flow behav-
iour proved to be no multiple of the typical temporal parameters
of the fan. From a Fourier-Analysis of these mass flow fluc-
tuations, which are in-phase, a dominant Strouhal-number of
Sr = 0.8 can be found. This corresponds to exactly 125 itera-
tions of the time steps, which are used in the simulations. The
cause of this very dynamic flow behaviour lies within the in-
teraction of shock and boundary layer and is also influenced
by the familiar phenomena occurring for the flow through the
clearance at the top of the fan’s blades.

For a better understanding of this behaviour, Fig. 15 displays
the relative Mach number at 93% span for five characteristic
times within the obtained dominant period. The selected time
steps are representing the minimum and maximum values of
the outlet mass flow and the efficiency. The evaluated time steps
are indicated with numbers (1–5) in the first diagram, where the
mass flow is plotted against the efficiency. The fluctuations in
the tip region flow ends up in a variation of the overall efficiency
of 1.5% and in a mass flow pulsation of 0.7 kg/s.

Starting with the highest mass flow and thus the lowest
blockage in the passage at time step (1), the flow reaches the
highest efficiency at point (2). The wake is the smallest in the
evaluation plane at the rotor exit for this moment. At time step
(3) the separated flow is weakened by the interaction of the
shock with the tip vortex. The minimum mass flow and high-
est blockage of the flow represented by the strong wake can be
obtained at time step (4). This strong wake is transported by the
flow to the outlet of the computational domain and is responsi-
ble for the efficiency penalty at time step (5).

This dynamic behaviour is caused by the time dependent
flow through the tip clearance, which in turn is decisively gov-
erned by the shock-boundary layer-configuration on the suction
side of the blade.

The movement of the viscous ramp as a result of the shock-
boundary layer interaction in combination with the tip vortex
is provided by Fig. 16. The drop in the skin friction coefficient
is an indicator for the beginning separation at the respective
times (same numbers as in Fig. 15). At time step 3, when the
tip vortex influences the separation most, the beginning of the
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Fig. 15. Relative Mach number at 93% span for five selected time steps within one mass pulsation period (125 time steps) for the high altitude case with transition
5
model (Re = 5.06 × 10 ).
Fig. 16. Skin friction coefficient for the five time steps, which are displayed in
Fig. 15.

viscous ramp is smoother and further downstream compared to
earlier time steps. After the strong vortex in the rear part of the
blade (see Fig. 15 time step 3) moves further downstream and
away from the wall, the skin friction drop becomes stronger and
the viscous ramp is moving back towards the leading edge.

These time-dependent fluctuations of the shock configura-
tion trigger the periodic fluctuations in the mass flows at the
inlet and even more at the outlet of the computational domain.

The strong fluctuations in the mass flows also entail load
changes for the resulting forces, which in turn can cause flutter
for critical operating points. By means of the results from these
numerical simulations, preventive measures can be developed.

9. Summary and outlook

The present paper describes the complex impact of laminar-
turbulent transition to shock boundary layer interactions. The
physical effects in the interaction region are described in detail
on the basis of surface pressure and laser measurements car-
ried out on a transonic airfoil profile CAST 7. At the same free
stream Mach number, the position of a shock on the airfoil is
located further downstream in the case of free transition (i.e.
laminar flow in front of the shock). Also, a laminar separation
bubble develops far in front of the shock in the case of transi-
tional shock boundary-layer interaction.

To assess these effects on a transonic fan blade a CFD pack-
age (NUMECA Int.) with a transition criterion was used. The
transition model according to Abu-Ghanam and Show, which is
described in detail, was implemented in the Spalart–Allmaras
one-equation turbulence model. The BR710-fan was calculated
in different operating conditions, i.e. at sea level altitude with
high Reynolds number and in very high altitude, which rep-
resents the low level Reynolds number. For both cases fully
turbulent and transitional computations were carried out for
comparison reasons. Especially at low Reynolds number i.e.
high altitude, the differences in the blade characteristics (pres-
sure ratio and efficiency versus mass flow) are considerable.
These are mainly caused by significantly different shock po-
sitions in both cases, which are caused by different throttling
of the passage due to different boundary layer thickness. In the
tip region of the blade the transition model implies a boundary
layer separation, which is more pronounced than in the fully tur-
bulent calculation. Therefore an unsteady investigation of the
fan blade for the altitude operating conditions with transition
model was performed.

It was found that the tip flow separates with a Strouhal-
number of Sr = 0.8, which is not related to the blade passing
frequency. The unsteady tip vortex interacts with the shock and
thus with the transition location. As a result the periodic sepa-
rating vortex decreases the efficiency and the mass flow through
the machine.

Having these effects in mind it will be possible to design
future fan blades which account for the real transitional shock
boundary layer effects, especially at low Reynolds number op-
erations.
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