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Abstract

The effect of geometric forward-facing steps on boundary layer transition was experimentally investigated at a high subsonic
Mach number in a blow-down wind tunnel facility in Gottingen, Germany. Boundary layer transition was detected non-
intrusively by means of the Temperature-Sensitive Paint (TSP) technique. Forward-facing steps of different height were installed
on a spanwise invariant wind tunnel model. Streamwise pressure gradient and high chord Reynolds number were systematically
varied and their effect on boundary layer transition was studied in the presence of forward-facing steps on the model surface. At
all tested stability situations, the surface imperfections were shown to reduce the extent of the laminar region. Transition was
observed to move gradually towards the step location with increasing step Reynolds numbers and increasing relative step height.
For a given combination of step height and chord Reynolds number, more pronounced negative pressure gradients led to an
increase in transition Reynolds number. The reduction in transition Reynolds number due to the effect of the surface imperfection
was more marked at larger flow acceleration. The plots of the relative change in transition location as a function of the step
Reynolds number and of the relative step height gave good correlation of the results. The correlations were found to be
practically independent of the streamwise pressure gradient in the examined range. Criteria for the allowable tolerances on low-
sweep Natural Laminar Flow surfaces can now be derived from the functional relations determined in this work.
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1. Introduction

Modern manufacturing techniques for metallic and composite materials can provide surface smoothness suitable
for Natural Laminar Flow (NLF), but surface imperfections, such as steps and gaps at junctions, waviness, and
bulges, can still affect the behavior of the boundary layer on aircraft surfacesl’2. Therefore, manufacturing
tolerances must be specified for the shape and dimension of these imperfections in order to ensure achievement of
laminar flow, thus maintaining the advantages of NLF in terms of drag reduction1-2. This can be done only after the
quantification of the effects of surface imperfections on the stability of the laminar boundary layer13. Past research
on specific surface geometries at selected flow conditions supplied criteria to predict the effect of surface
imperfections on boundary layer transition4’5. However, the considered boundary layer stability situations were not
taken into account in the formulation of the criteria, so that they can be applied only to specific cases. In the last
decades, efforts were put into the understanding of the physics involving imperfection-induced transition and into
the development of models and criteria for predicting the effect of surface imperfections on the laminar boundary
layer173:6™. Although many improvements have been carried out in this field, there are still no universal criteria
available covering a wide range of stability situations. In particular, there were no studies examining systematically
the effect of sharp forward-facing steps (FFS) on boundary layer transition for compressible flow at both zero and
favorable streamwise pressure gradients. These investigations have been conducted in this work. Natural Laminar
Flow has been demonstrated to be attainable on surfaces at low sweep angles''®, where the main mechanism leading
to transition to turbulence is the growth of Tollmien-Schlichting instabilities'>"". Therefore, the present work focuses
on the effect of forward-facing steps on two-dimensional flow.

Surface steps can originate from the installation of leading edge panels on wings, nacelles and control surfaces
and from the installation of access panels, doors, and windows on fuselage noses and engine nacellesl’2. The
numerical computation of the flowfield over a forward-facing step is still resource-intensive23-?, so that a
parametric study of the effect of the step on boundary layer transition is typically performed only for a selected
configuration and a limited variation of flow conditions3-".

In this work, spanwise invariant forward-facing steps, perpendicular to a (quasi) two-dimensional flow, were
experimentally investigated at a high subsonic Mach number in the wind tunnel facility DNW-KRG'"". The effects
on boundary layer transition of forward-facing steps, Reynolds number, and streamwise pressure gradient, were
studied using the newly designed PaLASTra model™.

2. Experimental setup and definition of parameters

The tests were conducted in the Cryogenic Ludwieg-Tube Géttingen (DNW-KRG)®, a low-turbulence
(Tuy, ~0.06 %"), intermittently operating wind tunnel facility capable of achieving flight Reynolds and Mach
numbers of a transonic commercial aircraft by increasing the pressure and decreasing the temperature of gaseous
nitrogen, which is used as the test gas. The DNW-KRG test section has adaptive upper and lower walls that allow
interference-free contours to be set'. The inflow Reynolds and Mach number are determined from the inflow
pressure and temperature measurements'®"’; the uncertainties in the present work were within ARe =+ 0.05 Mio. and
AM =+ 0.002. By virtue of the working principle of the DNW-KRG blow-down facility, a temperature difference
between flow and model surface occurs during a run after the flow temperature has dropped due to the gas
expansion'®. Therefore, the model surface temperature T, is generally larger than the adiabatic wall temperature 7,,,.
For attached two-dimensional flows, T,/T,,> 1 enhances boundary layer instability and can cause transition to
occur earlier than in the adiabatic case®*. On the other hand, the temperature difference between flow and model
surface enables very accurate transition detection using the Temperature-Sensitive Paint (TSP) measurement
technique®* at DNW-KRG***?**, The custom-built design of the DNW-KRG facility and a special method for
model handling and cleaning guarantee operation with clean flow conditions, which is crucial for NLF testing at
high Reynolds numbers. At such test conditions, even micron-sized dust particles impacting onto or adhering to the
model leading edge can cause premature transition and thereby make detection of natural transition very difficult or
even impossible®?’.

The Pal.ASTra two-dimensional wind tunnel model® was designed for the systematic study of the effect on
boundary layer transition of two-dimensional surface imperfections, changes in Reynolds number, Mach number,
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and streamwise pressure gradient, and the effect of a non-adiabatic wing surface. The shape adopted for the airfoil is
shown in cross section in Fig. la. A flat surface was designed for the largest part of the upper side of the model,
which was the one of main interest in this work: in this manner the pressure gradient was practically uniform on a
large portion of the model upper surface (approx. 20 % <x/c <70 %). The wind tunnel model was made from
austenitic stainless steel. Two-dimensional steps (uniform in spanwise direction) of a desired height could be
mounted at the chordwise location xy/c =35 % by installing shims of appropriate thickness at the interface between
the two parts comprising the model (see Fig. 1a). The shape of the imperfection (abrupt step with sharp edges) was
thus assured to be the same for each tested configuration. The spanwise non-uniformity of the step was within
+ 1 pm, measured using a contact profilometer with a vertical resolution of + 0.8 nm.
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Fig. 1. PaLASTra model. a: side view (cross section): PaLASTra airfoil and sketch of the model construction for the installation of steps; b: top
view and instrumentation (leading edge on top of the image).

As shown in Fig. 1b, the PaLASTra model was coated with Temperature-Sensitive Paint (TSP)**** for non-
intrusive transition detection and equipped with pressure taps for measuring the pressure distribution and
thermocouples for monitoring the model temperature evolution during a test run®. The TSP was applied in pockets
machined into the model surface, so that the final model contour did not present variations from the designed
contour. As it can be seen in Fig. 1b, a strip of width Ax/c =5 % about the step location was left uncoated: the
sharpness of the step was thus ensured by creating it between two metallic surfaces. TSP formulation, surface
quality, optical setup, acquisition and elaboration of the TSP images were the same as those discussed in Ref. 20.
The uncertainty in the transition location was within Axy/c ==+ 2 % (less than Axy/c =+ 1 % for the majority of the
cases). The uncertainty in the wall temperature measurements and in the evaluated pressure coefficients on the
model surface was within AT,, =+ 0.3 K and Ac, =+ 0.005.

The described experimental setup allowed Mach number, Reynolds number, streamwise pressure gradient, wall
temperature ratio, and step height to be changed independently of each other, which was essential for the present
study. The Mach number M used in this work is the ratio of velocity and speed of sound of the freestream. The
Reynolds number Re is based on the model chord length ¢ = 0.2 m, on the freestream velocity and on the freestream
kinematic viscosity. The Hartree parameter Sy of the Falkner-Skan family of self-similar boundary layers and the
wall temperature ratio 7,/T,, were chosen as the characteristic parameters for the pressure distribution and for the
thermal boundary condition at the model surface, respectively. The Hartree parameter Sy, defined as in Ref. 28, was
evaluated for each test run with the smooth configuration as the average value on the chordwise portion where the
pressure gradient was practically uniform. The uncertainty in the Hartree parameter was within Afy = £ 0.002. T, is
the model surface temperature corresponding to the laminar boundary layer, evaluated as the average of the
measurements of the two thermocouples located at the two more upstream positions x/c = 10 % and 20 %. T, is the
adiabatic wall temperature computed at x/c = 15 %. The evaluated uncertainty in the wall temperature ratio was
within A(7,/T,,) =+ 0.002. The boundary layer displacement thickness &, used later in this work, was calculated
using the boundary layer solver COCO¥, modified for calculations with isothermal wall**. A uniform temperature
equal to T,, was imposed at the model surface.
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3. Results and discussion

The tests were focused on the influence of streamwise pressure gradient and forward-facing steps on boundary
layer transition. For all test conditions, the model and the gas in the DNW-KRG storage tube were set at
approximately the same temperature before the run 7'~ 288 K. The tests were conducted at standard DNW-KRG
thermal conditions at the model surface: 7,/T,, ~ 1.045-1.065 for the cases considered in the present work. The
thermal condition at the model surface was approximately the same for all configurations, with and without steps
installed, so that the influence of 7,/T,, on the following results could be generally minimized. The test Mach
number was M = 0.77, which is in the range of typical Mach numbers for cruise conditions of a civil commercial
aircraft with NLF surfaces”". The investigations were conducted at chord Reynolds numbers 4 Mio. < Re < 13 Mio.
and at streamwise pressure gradients 0.005 < f; < 0.112; this variation of parameters covers a considerable range of
flight conditions of NLF surfaces1'9™""'"*"'7*'. Forward-facing steps of height 4 =29, 60, and 89 um were installed on
the model upper side.

The effect of the forward-facing steps at S =0.066 is shown with the TSP results in Fig. 2 for a Reynolds
number Re = 6 Mio. Even the smallest forward-facing step of height 7 =29 um made the laminar boundary layer
more unstable and led to a displacement of the transition location to a more upstream position: from xtg/c ~75 %
for the smooth configuration (no steps installed, subscript “0”) to xy/c ~ 65 % with a forward-facing step of height
h =29 um. The steps of approximately double and triple this height caused a further displacement of the transition
location towards a more upstream position, up to xr/c ~ 47 % with the step of height # =89 um. The model surface
pressure coefficients ¢, measured for the four configurations are plotted in Fig. 3 as a function of the chordwise
coordinate. A glance at Fig. 3a shows that the presence of the surface imperfection had a negligible effect on the
pressure distributions, except the region around the step location. A zoomed-in plot of this area is presented in
Fig. 3b. It can be seen that the imperfection began to influence the flow evolution from x/c ~ 29 %. With respect to
the smooth configuration, and proceeding in the streamwise direction, the boundary layer was decelerated upstream
of the step, accelerated over the step, and decelerated again downstream of the step. Larger differences from the
base flow were observed for configurations with higher steps. The pressure distribution of the smooth configuration
was recovered at x/c > 40 %, the exact location being more downstream with increasing step height.

ftgiep = 89 pm

| LIS

xpole =75 % [K—x/c =65 Yo—————— x/c =58 %E xile =47 %

Fig. 2. TSP results at Re = 6 Mio., M = 0.77, = 0.066, and T,/ T, ~ 1.05. Bright and dark areas are laminar and turbulent regions, respectively.
The detected transition location is indicated by the dashed white line, with the step location being shown by the black solid line. The whitened
strips correspond to the metallic surfaces of the model where no paint had been applied. The two turbulent wedges in the mid-span domain arose
from pressure taps in the leading edge region; the other turbulent wedges were caused by contamination of the model surface at the step location.




156 Marco Costantini et al. / Procedia IUTAM 14 (2015) 152 — 162

-0.5 T ' 1 1 T T ' T T T T T T T 1
0.1 o—o smooth i
L i e &= FFS 29 um
8& o L s-8 FFS 60 um
5 g »— FFS 89 um
g
= 4
E E
5 e-° smooth )
o +—FFS 29 ym o
2 0.5& =-2 FFS 60 um| - 2
8 »— FFS 89 um &"3 L
0-1 | -
0.2+ B
1 | L | | L | L | L | | L | L | L |
0 0.2 04 0.6 0.8 0.25 0.3 035 04 045 0.5
a Chordwise coordinate x/c b Chordwise coordinate x/c

Fig. 3. Measured pressure distributions at Re = 6 Mio., M = 0.77, ;= 0.066, and T,/T,y ~ 1.05. Smooth configuration (no step) and
configurations with forward-facing steps installed. (a) overview; (b) zoomed-in of left figure in proximity of the step location.

These effects of the forward-facing steps were observed also for all other combinations of streamwise pressure
gradient and chord Reynolds number. A comparison of the results obtained at two different pressure gradients is
presented in Fig. 4. The upper two and the lower two TSP results were obtained at fy;=0.036 and 0.063,
respectively. The TSP results achieved for a smooth configuration, Figs. 4a and 4d, can be compared at first: as
expected, the effect of larger flow acceleration in the absence of surface imperfections was to delay transition*. A
favorable effect of larger Hartree parameter was found also in the presence of forward-facing steps, as it can be seen
by the comparison of the TSP results obtained at # = 60 um and presented in Figs. 4b and 4e. Nevertheless, it should
be noted here also that the shift in transition location (in both absolute and relative terms) due to the effect of the
surface imperfection was more marked for the case at larger Hartree parameter. This result is related to the increased
sensitivity of transition to the considered forward-facing steps, as qualitatively shown in Figs. 4c and 4f, where the
results of linear stability computations are plotted. Linear stability analysis of the smooth configuration boundary
layer was carried out by means of LILO*. The amplification factors of the disturbances superimposed upon the
laminar boundary layer (N-factors) were calculated using compressible stability theory without curvature effects.
The N-factors were computed for waves with fixed propagation direction and different frequencies (constant wave
angle strategy). The propagation direction was fixed to zero degrees because the maximum amplification rate is that
of two-dimensional waves up to a Mach number of approx. 0.9%'. Transition occurred for Sy = 0.036 at x1 ¢/c = 44 %,
on a region where the slope of the envelope curve of the amplification factors (N-factors) is positive, see Fig. 4c.
The larger flow acceleration at fy = 0.063 damped the amplification of the disturbances and delayed transition to
xro/c =69 %, where ON,1¢/0(x/c) ~ 0 (Fig. 4f). Following the procedure described in Refs. 6, 8, and 33, transition
was assumed to occur when a threshold amplification ratio e""=¢"™, independent of the presence of the
imperfections, has been reached; the effect of the step was modelled as an increment AN to be added to the N-factor
envelope curve of the smooth configuration. It can be seen in Figs. 4c and 4f that the movement of the transition
location — predicted using the modified N-factor envelope curve according to the aforementioned procedure — is
more pronounced for the case where ON,1/0(x/c) was approx. zero (fy = 0.063) rather than that for the case where
ON,1,0/0(x/c) > 0 (fy = 0.036). This is in agreement with the behavior observed in the present experiment. (Note that
the increment AN in Figs. 4c and 4f is qualitative and was used only for explanatory purposes. A constant AN ~
h/8,8 has been assumed, but also a variable AN6 would have led to the same conclusion.)



Marco Costantini et al. / Procedia IUTAM 14 (2015) 152 — 162 157

8 T T T T T
X0 =44 % i
[ 60 49.0 kHz
#—+ 38.6 kHz
6 G-61 34.3 kHz
+—+ 30.5 kHz
s &0 27.1 kHz
S < 24.1 kHz
© & 21.4 kHz
8 4+ &-& 19.0 kHz
[ 4~ 15.0 kHz
< S-S 11.8kHz
— Envelope
2+ — - Envelope + AN
1 |
80 02 04 06 0.8
a ¢ Chordwise coordinate x/c
8 ! ' ! ! i o8 59.0kHz
-4 487 kHz
+—+ 40.3 kHz
s 35.4 kHz
6~ -8 31.3kHz
#—# 27.5 kHz
= 6-0 24.2 kHz
S “— 21.3kHz
° B+ 20,0 kHz
J4- vy 17.6 kHz
= +—+ 146 kHz
w7 12.8kHz
— Envelope
2 -- Envelope + AN
B0 02 04 06 0.8
d £ Chordwise coordinate x/c

Fig. 4. Re =6 Mio., M =0.77, and T/ T, ~ 1.05. Upper figures: Sy = 0.036. a: TSP result, no step; xr,¢/c = 44 %. b: TSP result, # = 60 pm;

xr/c =40 %. c: results of linear stability analysis. Bottom figures: £ = 0.063. d: TSP result, no step; xr,¢/c = 69 %. e: TSP result, 7 = 60 um;

xr/c =54 %. f: results of linear stability analysis. Amplification rates shown only for a few frequencies. The linear stability computations were
carried out for the smooth configuration; the step disturbance was (qualitatively) modelled as a constant increment ANS. The transition location
xro/c measured on the smooth configuration is shown by a grey bar. The predicted transition movement (qualitative), due to the step disturbance,
is shown by a black arrow.

The results for all tested conditions are brought together in Fig. 5, where the transition Reynolds number Re,r
(based on freestream velocity, freestream kinematic viscosity and laminar run length xro or xr) is plotted as a
function of the pressure gradient parameter fy. Only a few representative error bars for the results are actually
plotted in this and in the following figures. At fixed streamwise pressure gradient, the negative effect of higher
forward-facing steps on Re,r can clearly be seen in Fig. 5. The positive influence of more pronounced flow
acceleration on boundary layer transition is also apparent in Fig. 5: this effect was observed not only for the smooth
configuration, as expected”*, but also confirmed in the presence of forward-facing steps. The favorable influence of
a larger Hartree parameter on the transition Reynolds number is however less marked as the step height increases,
leading to smaller increases of Re,r with larger step heights for the same change in fy. As a result of the increased
sensitivity of boundary layer transition at more pronounced streamwise pressure gradients, the reduction in Reyr due
to the effect of the steps is larger at larger Hartree parameters. Note also that the transition Reynolds number appears
to be practically independent of the chord Reynolds number: this can be seen not only for the results obtained with
the smooth configuration, as expected for this model designed for an approximately uniform pressure gradient in the
streamwise direction”*, but also for those with installed forward-facing steps.
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Fig. 5. Transition Reynolds number as a function of the streamwise pressure gradient for different configurations (with and without steps).
M =0.77, T,/ Taw ~ 1.045-1.065. Polynomial approximations of the data sets for the different configurations (quadratic: smooth configuration and
configurations with FFS of height # =29 and 60 pm; linear: configuration with FFS of height # = 89 pum) are also shown.

For these experiments, where the following was given: fluid stream, disturbance environment, pressure gradient,
thermal condition at the model surface, position of the imperfection, and shape of the imperfection, the transition
location xt was a function only of the imperfection height %, the flow velocity u, and the fluid viscosity v**. These
four variables involve only the units of length and time: dimensional analysis tells us that the general functional
relation between the four dimensional quantities can be reduced to a relation between two independent non-
dimensional parameters. The non-dimensional parameter s = (xr-x,)/(x1¢-x;) was chosen for the transition location: it
expresses the relative change in transition location as reduced from its natural position xr ¢ to the step location x,6™*.
One possible choice for the non-dimensional parameter containing the remaining variables is the step Reynolds
number Re;, = uh/v. Although u.(x;) and u.(x;) at the boundary layer edge appear in general more appropriate®, this
non-dimensional parameter was formed in earlier work1'5°6 using u,, and v,,; since the differences between u, and v,
and the corresponding values in the freestream were small (the contour-induced variation in the velocity was small,
as can be seen in the pressure distributions shown in Fig. 3), the freestream quantities could be also taken for the
current analysis. The step Reynolds number Re;, = u.h/ v, is thus used in Fig. 6a to represent the experimental results
as (p-x;)/(xro-xp) vs. Re,. An alternative choice for the non-dimensional imperfection parameter is suggested by
linear stability theory. Provided that transition occurs at some distance from the surface imperfection, the distortion
in the velocity profile has disappeared, leaving only increased amount of disturbances as the primary effect of the
imperfection. The contribution of the imperfection to the disturbance in the critical frequency range for which
amplification occurs is considered to depend on its height relative to the boundary layer thickness****. Guided by this
physical concept, 4/5,(x,)6'8 was selected as the second non-dimensional parameter, where 8,(x;) is the boundary
layer displacement thickness computed at the step location x,/c = 35 % for the smooth configuration using COCO,
see Section 2. It can be shown® that §; is not only a function of « and v, but also of By and T,/7,,, and therefore
appears to be a suitable parameter for investigations where these factors are changed. Moreover, &(x;) is clearly
dependent on the step location, thus it can be expected that configurations with steps installed at different locations
can be compared using the non-dimensional parameter /4/3;(x,). The relative variation in transition location (xt-
xp)/(x10-xy) is presented as a function of the relative step height /4/3,(x,) in Fig. 6b. It can be seen in Figs. 6a and 6b
that plotting (xr-x,,)/(x10-x;) as a function of Re, and A/8,(x,) gave good correlation of the experimental data. The
value of s = (xr-x;,)/(xr0-x;) Was observed to decrease at larger step Reynolds numbers and at larger non-dimensional
step heights 4/8,(x,). Moreover, the correlations were shown to be practically independent of the investigated
streamwise pressure gradients. This result is in agreement with the behavior found in previous studies on spanwise
trip wires** and steps6’8, where a limited variation of the streamwise pressure gradient had been carried out. In fact,
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pressure gradients are considered to mainly modify the stability of the base flow with almost no effect on the
disturbance caused by the imperfection6°8%7¢. This conclusion differs from that reported in Refs. 9-11 of a
substantial stabilizing effect of flow acceleration that allows manufacturing requirements for a NLF surface to be
loosened. Note that the available data9" do not seem to clearly support such a conclusion. Nevertheless, it should be
kept in mind that larger Hartree parameters maintain their favorable effect on transition in absolute sense, viz. on
Re,1, even in the presence of forward-facing steps, as shown in Fig. 5 of the current work. The best approximation of
the present experimental data was provided by a Gaussian function, shown in Figs. 6a and 6b by a solid line.
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Fig. 6. Relative change in transition location as a function of (a) the step Reynolds number Re;, and (b) the relative step height //8,(x;) for
different streamwise pressure gradients. M = 0.77, T,/ To ~ 1.045-1.065. Solid lines: Gaussian approximation. Note that the data below the
approximation function in the range 0.3 < 4/5,(x,) < 0.5 were obtained at a wall temperature 7/T,,, ~ 1.06 larger than that at which the smooth
configuration was investigated 7/T,, ~ 1.05. Similarly, the data above the approximation function in the range 0.75 < //3,(xy) < 0.95 were
obtained at a wall temperature 7,/T,,, ~ 1.05 lower than that at which the smooth configuration was investigated 7,/7,, ~ 1.055. The deviation of
these data from the main trend is due to this difference in the wall temperature ratio. The combination of the effects of forward-facing steps and a
non-adiabatic surface will be discussed in a future publication.

Criteria for allowable tolerances for forward-facing steps on NLF surfaces can now be established from the
obtained relations. For example, using the Gaussian approximation of the experimental results, a loss of laminarity
As =10 % (corresponding to (xr-x;)/(x10-x;) = 90 %) is found at Re;, = 600 and %/8,(x;) = 0.27; As =20 % is found at
Re, = 1030 and A/3;(x;) = 0.39. Depending on the loss of laminarity As that can be permitted for a certain NLF
surface, the corresponding values of Re,, and //5,(x;) can be determined.

The values of critical non-dimensional roughness parameters found in the present work are lower than those
reported in the literature1’5'8. Moreover, transition was observed to move gradually towards a more upstream
location with increasing Re;, or /#/8,(xy,), similarly to the behavior shown in Refs. 7 and 8, rather than abruptly as a
certain critical value of non-dimensional imperfection parameter has been exceeded6. Interestingly, the critical
values of 4/3;(x;) (or Re;) and the functional relations found in the present work for forward-facing steps are closer
to those reported in previous work on spanwise wires***¢ and backward-facing steps5’8. The differences between the
current results and those reported in the literature can be related to differences in one or more of the following
factors:

Shape of the step (in streamwisel and spanwise direction).
Investigated stability situation: smooth configuration with an uniform pressure gradient7'8 or with transition
occurring over a region of adverse pressure gradient preceded by a region of favorable pressure gradient 1’6.

e Criterion to define the critical step height, i.e. non-dimensional roughness parameter at which the extent of
laminar area is reduced below a certain threshold.

e Measurement technique used to measure transition: thermographic method (infrared thermography6, TSP in
the present work), sublimating chemicalsl, hot-wire7, Preston tube8 and flattened Pitot tube6. Information
about the transition front in the spanwise direction is available only in Refs. 1 and 6.

e Disturbance environment. (Wind tunnel turbulence in the presence of spanwise wires was however observed
to have small influence on the relation between Re,1/Re,1,o and relative step height™.)

In Ref. 1, sharp forward-facing steps were investigated only at large step Reynolds numbers Re;, > 2720, and
transition was found at the step location in all considered cases. Information about one or more of the above factors
is not available in Refs. 5-8. It should be emphasized here that no information at all is available about the
experiments conducted to develop the criterion reported in Ref. 5.

4. Conclusions

Studies of the effect of forward-facing steps on boundary layer transition were successfully carried out at the
DNW-KRG wind tunnel facility by means of the Temperature-Sensitive Paint measurement technique. The
experimental setup allowed the independent variation of step height, chord Reynolds number, and streamwise
pressure gradient, and thus the systematic investigation of the effect of these parameters on boundary layer
transition. Chord Reynolds numbers up to 13 Mio., approximately zero and favorable pressure gradients in the range
of Hartree parameters 0.005 < f;<0.112, and forward-facing steps of relative height up to 74/8,(x;) ~ 1.45
(corresponding to step Reynolds numbers Re, < 5300) were examined at a Mach number M =0.77. Even the
smallest forward-facing steps studied in this work were found to shift the transition location to a more upstream
position. Transition was observed to move gradually towards the step location with increasing step Reynolds number
Re,, and increasing relative step height 4/8(x;,). The surface imperfections were shown to have a negligible effect on
the pressure distributions, except the region around the step location. The transition Reynolds number at a given
combination of step height and streamwise pressure gradient was seen to be practically independent of the chord
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Reynolds number. At fixed chord Reynolds number and model configuration, the effect of larger flow acceleration
was to delay transition. A favorable effect of larger Hartree parameters on boundary layer transition was found also
in the presence of forward-facing steps; the increase in transition Reynolds per change in Hartree parameter was,
however, less pronounced in the presence of higher steps. Moreover, the reduction in transition Reynolds due to the
effect of the surface imperfection was observed to be more marked at larger Hartree parameters, according to the
increased sensitivity of transition to the forward-facing steps for the considered stability situations. Non-dimensional
parameters were used to represent the effect of the surface imperfections on boundary layer transition. The plots of
the relative change in transition location s = (xr-x;,)/(xt ¢-x;) as a function of the step Reynolds number Re;, and of the
relative step height A/8,(x;,) gave good correlation of the results. The correlations were found to be practically
independent of the streamwise pressure gradient in the examined range of Hartree parameters. Criteria for the
allowable tolerances on low-sweep NLF surfaces, where growth of Tollmien-Schlichting instabilities is the
predominant mechanism leading to transition to turbulence, can now be derived from the functional relations
determined in this work.
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