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Abstract

High velocity boundary layer transition experiments are performed in a Ludwieg tube set-up. At a Mach number of
0.36, the transition is studied by using several turbulence generating grids. These grids cause turbulence levels varying
from 0.25% to 3.5%. It is found that, depending on the turbulence level, different intermittency distributions should be
used to describe the transition zone well. For low turbulence levels, the Narasimha and the Johnson models, which are
based on turbulent spots, show good agreement with the measurements. For intermediate levels, the front part of the
transition zone follows a distribution which is described by turbulent spots which decrease in size. In these cases,
the latter part of transition also shows agreement with the Narasimha and Johnson models. A major difference with the
‘classical’ intermittency distributions is obtained for high turbulence levels. Assuming that for these levels non-growing
turbulent spots are initiated in the whole transition zone, an exponential intermittency is derived. In the measurements

these distributions indeed are found. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The boundary layer heat transfer increases signifi-
cantly when laminar to turbulent transition occurs. Es-
pecially, in turbomachines, where hot gases from the
combustion chamber force an enormous heat flux to the
turbine blades, it is of major importance to know this
heat transfer exactly. Almost half the area of the turbine
blades is covered by the transition zone. Due to these
high heat fluxes, it is very important to know the influ-
ence of several parameters on the transition because a
delay of the start, or increase of the transition length,
has a large effect on the total heat transfer.

Transition is influenced by the turbulence level, tur-
bulence length scale, Reynolds number and pressure
gradient. There are also effects of compressibility and
surface curvature. An overview of parameters can be
found in [1-3].

When transition starts it is assumed that turbulent
spots are initiated in the laminar boundary layer. These
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spots were discovered by Emmons [4] in a water tunnel.
It is supposed that a turbulent spot is a local area of
turbulence. Most transition models which are used
nowadays are based on these turbulent spots. Dhawan
and Narasimha [5] argued that the spots are initiated
with infinitesimal small size in a narrow area around the
transition start. The spots convect in streamwise direc-
tion with a mean velocity which is less than the main
flow velocity. The leading edge travels faster than the
trailing edge and so the turbulent spot grows lengthwise
while moving in downstream direction. Furthermore,
the spots appear to remain in the same shape so they
also grow laterally. At a certain point, the spots start to
merge until the flow is completely turbulent. This is said
to be the end of transition. Narasimha [6] derived an
analytical solution for the intermittency distribution by
assuming that all spots originate from one streamwise
position. Johnson and Fashifar [7] assumed a distributed
breakdown of infinitesimal small turbulent spots and
obtained good results for low turbulence level transition
experiments.

In general, a distinction between natural and bypass
transition should be made [8]. For low disturbance levels
in the main flow Tollmien—Schlichting waves are in-
itiated at a certain Reynolds number. These waves grow
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Nomenclature

a decay parameter

¢ specific heat

F(y) transformation function

J constant

k thermal conductivity

m spot formation rate (m~2)
M Mach number

n spot formation rate (m~! s7!)
7 dimensionless spot formation rate
N number of spots

Nu Nusselt number

P pressure

Pr Prandtl number

q" heat flux

q laminar heat flux

qt turbulent heat flux

q averaged measured heat flux
R electrical resistance

Re Reynolds number

Re,  unit Reynolds number (m™!)
Re, local Reynolds number

Re,,  transition start Reynolds number

Rey momentum thickness Reynolds number
s transformation coefficient
St Stanton number
t time
T temperature
T, recovery temperature
Tu turbulence level
U mainstream velocity
w spot size
streamwise distance
z coordinate perpendicular to surface

Greek symbols

o temperature resistance coefficient

p spot half spreading angle

y intermittency

Y specific heat ratio

v kinematic viscosity

o density

o turbulent spot propagation parameter
0 boundary layer momentum thickness

in amplitude and three-dimensional waves start to de-
velop. Further downstream, the first turbulent spots
occur until transition is completed. This scenario is
called natural transition. However, for higher turbulence
levels the Tollmien—Schlichting and three-dimensional
waves do not occur. The disturbances in the main flow
enter the boundary layer and turbulent spots are initi-
ated immediately. This is called bypass transition (by-
passing to transition in the natural mode). Mayle [3]
argued that turbulence levels above 0.4% cause bypass
transition.

Most experiments on transition are performed in low
speed wind tunnels [9-11]. In most cases, hot-wire ex-
periments are used to determine transition characteris-
tics. Velocity profiles in the boundary layer are measured
from which the skin friction coefficient is determined.
This method only works at low main stream velocities,
when the boundary layer is thick enough to obtain
sufficient data points. From the thus determined friction
coefficient, the intermittency can be determined as the
fraction of the increase of friction relative to the increase
of friction that would occur in a fully turbulent
boundary layer. Another possibility is to analyse the
hot-wire signal measured close to the wall. In the tran-
sition zone, this signal shows an intermittent behaviour
between ‘laminar’ and ‘turbulent’ as a function of time.
From this, the intermittency is calculated by evaluating
the fraction of time the flow is turbulent.

At higher main stream velocities, heat transfer ex-
periments are more convenient to use. This method has

the additional advantage of directly determining the
transitional data that are of direct interest for gas tur-
bine purposes. Furthermore, heat transfer techniques do
not disturb the boundary layer.

Transitional heat flux experiments in transient facil-
ities can be found in literature. High velocities are ob-
tained for a short time by using, for example, an
isentropic light piston tunnel (ILPT) [12] or a Ludwieg
tube with isentropic compression heating (LICH) [13].
These measurements are performed in low turbulence
flows where naturally occurring spot properties are de-
termined. Bypass transition experiments on instrumen-
ted blades also can be found [14]. They showed that the
heat transfer on a turbine blade indeed increases sig-
nificantly when laminar to turbulent transition occurs.

High velocity measurements at high turbulence levels
on a flat plate are scarce. Blair [11] conducted a large
series of experiments with turbulence levels up to 7%.
However, these experiments were performed at a rela-
tively low velocity (30 m/s).

This paper describes measurements to obtain tran-
sitional data at high (subsonic) velocities. The mea-
surements are performed in a Ludwieg tube set-up. In
this set-up well-defined high velocity flows can be gen-
erated. Measurements are performed in a wide range of
flow parameters which are important for turbomachin-
ery design.

First, the experimental set-up is described. Second,
hot-wire and heat transfer measurements are presented.
For the latter, a thin film technique is used. From these
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results the transitional data are obtained. It is shown
that for low turbulence levels the results agree very well
with literature. However, for higher turbulence levels,
the traditional transition models based on turbulent
spots had to be modified. Also, some new ideas about
pre-transition are presented. The new model thus de-
rived gives good agreement with the data obtained.

2. Experimental set-up

The experiments are performed in a Ludwieg tube.
Hogendoorn [15] showed that it is possible to obtain
well-defined flow conditions in this set-up. A large range
of flow conditions is covered in a Ludwieg tube. For
example, the Mach number can reach values up to 0.55
and the unit Reynolds number (Re, = U/v) can reach
values up to 5x 10° m~'. The experimental facility
consists of a tube connected to a test section. This sec-
tion contains a flat plate with thin film sensors for
measuring the surface temperature. Just above the plate,
a hot-wire can be mounted. The side wall of the section
contains a pressure gauge. Upstream of the leading edge,
several turbulence generating grids can be positioned.
A schematic view of the experimental set-up is given in
Fig. 1.

The test section is connected to a dump tank via a
diaphragm and a choking orifice. Prior to an experiment
the pressure in the dump tank is brought to 300 N m—2,
while the pressure in the tube and the test section is set to
a value which is less than or equal to the ambient
pressure. When the membrane is ruptured, by an elec-
trical pulse, an expansion wave travels from the dump

4Jb

1 dump tank

2 tube

3 test section

4 choking orifice

7
} D 5 diophiagm

6 sensor plate

7 hot-wire

8 pressure gauge
9 turbulence grid

Fig. 1. Experimental set-up.

tank towards the end of the tube and vice versa. During
this time, which is approximately 40 ms, a constant flow
along the sensor plate is obtained. Due to the expansion,
the gas temperature drops while the temperature of the
sensor plate remains at the initial value (ambient tem-
perature). This temperature difference results in a heat
flux from the plate towards the cooled gas. In the test
time the pressure, hot-wire and heat flux measurements
are performed.

3. Pressure measurements

The Mach number is adjusted by the choking orifice.
In an ideal Ludwieg tube, the Mach number is inde-
pendent of the initial pressure in the test section. This
means that the unit Reynolds number and the Mach
number can be varied independently. Setting the initial
pressure (and thus the initial density) determines the
Reynolds number, while the geometry of the choking
orifice determines the Mach number. By assuming an
ideal gas and isentropic flow it is easy to derive a relation
between the actual Mach number and the pressure ratio
in the tube

(=r+1)/2y
e (]! "

where p; is the initial pressure and p is the pressure re-
corded during an experiment. An example of a pressure
signal is given in Fig. 2. A plateau in the signal is ob-
served for about 40 ms, this is the time the Mach number
at the test section is constant.

4. Heat transfer measurements

A thin film technique is used for measuring the
temperature at the top of the sensor plate [15]. These
sensors are made of titanium deposited on a substrate of
glass. The sensor dimensions are: length: 3 mm, width:
20 pm and height: 200 nm. The first sensor is positioned
2 mm behind the leading edge while the distance be-
tween each sensor is 5 mm.

The sensor resistance is assumed to be a linear
function of the temperature

R =Ry(1 +o(T — Tp)). (2)

Calibration gives the factor oy and Ry for each sensor
individually. The value of oy is approximately
22 %1073 K! and the value of R, is approximately
1 kQ. Each sensor is part of a Wheatstone bridge. During
an expansion experiment, the sensor voltage is recorded
at a frequency of 50 kHz. The temperature then follows
from Eq. (2). Heat fluxes at each streamwise position are
calculated by numerically solving the one-dimensional
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Fig. 2. Pressure signal, M = 0.36.

unsteady heat conduction equation perpendicular to the
sensor plate

oT 0o ([, 0T
Pca—é(kg), (3)

with p, ¢ and k the known substrate properties.
Boundary conditions are the (measured) top tempera-
ture of the substrate and the bottom temperature which
is assumed to be constant during an experiment. This
assumption is valid as long as the thermal front does not
reach the bottom side of the plate, which is true for 1 s
after rupturing the membrane. As the complete exper-
iment only takes 0.1 s, it is a valid boundary condition.

4.1. Heat flux calibration

To test the sensor accuracy, a laminar flow along the
plate is initiated. The time mean heat flux should have
the value expected from Blasius theory [16]

q/'(x) = 0.332 f—i (T, — T,)Re!> Pr'/3, 4)

where T, is the recovery temperature which is a function
of the Mach number.

Fig. 3 shows the measurements for a unit Reynolds
number of 1.5 x 10° m~! and a Mach number of 0.36.
Also the expected heat flux is depicted. It is seen that
there is a slight deviation for each sensor. This deviation
is explained by three different error sources. The first one
originates from calibration and dissipation effects in the
sensors. A second deviation occurs when the boundary
layer starts to develop not at the leading edge but at a
virtual origin situated slightly earlier. In that case, the
theoretical curve shifts towards the leading edge. The

— theoretical flux
il ° measurement

q” [KW/m?)

0 1.10° 2.10°
Re

X

Fig. 3. Calibration experiment, M = 0.36, Re, = 1.5x 10° m~!.

third error is introduced by a small pressure gradient.
This is indicated by a systematic increase of the heat flux
in streamwise direction. To avoid flow separation, the
sensor plate has a small angle of attack (2.4°) which is
the reason for this pressure gradient.

The data of each experiment are corrected for the
above-mentioned deviations by estimating a multiplica-
tion factor. This factor is determined for all sensors
separately by comparing the sensor output for a laminar
flow to that for a theoretical Blasius flow.

5. Main stream turbulence

Turbulence in the flow is initiated by using turbu-
lence generating grids. These grids can be positioned at
two positions in front of the leading edge. Position ‘H’ is
situated 167 mm upstream and position ‘L’ is situated
232 mm upstream. The grid dimensions, mesh and bar
diameter, together with the turbulence levels (accuracy
+2%) obtained are given in Table 1.

Hot-wire measurements are performed to determine
the main stream turbulence level. In the present set-up, a
wire length of 0.6 mm and a diameter of 2.5 pm has been
used. The wire is positioned 10 mm above the sensor
plate, which is high enough to not disturb the boundary
layer. The hot-wire is used at two streamwise positions.
The first position (7ul) is 27 mm in front of the leading
edge of the sensor plate while the second position (7u2)
is 30 mm behind the leading edge. These positions were
chosen for constructional reasons. The wire is calibrated
for four different unit Reynolds numbers at each pos-
ition. The sampling frequency was 400 kHz.

A typical hot-wire signal for the 4 mm turbulence
grid is given in Fig. 4. The background turbulence level,
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Table 1
Turbulence levels
Grid (-) Re, (m™) Tul (%) Tu2 (%) D (mm) Mesh (mm)
4H 1.5 % 10° 3.49 2.39 4 16
4L 2.4 x 10° 2.65 2.42 4 16
3H 1.5 x 10° 2.28 2.04 3 15
3L 2.4 x 10° 2.16 1.93 3 15
2H 3.0 x 10° 1.66 1.30 2 8
2L 4.0 x 10° 1.37 1.22 2 8
1H 3.0 x 10° 1.15 1.03 1 11.5
1L 5.0 x 10° 1.25 0.95 1 11.5
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Fig. 4. Hot-wire signal, M = 0.36, grid: 4H, position: Tul,
Re, =1.5x10° m™!.

i.e. the turbulence level which is measured without a
grid, is found to be 0.25%.

Several length scales are important in the transition
process. Significant scales are the turbulence length scale
and the boundary layer thickness. Due to the high
velocity in the set-up, the boundary layer thickness is
small. The length scale of the turbulence in our experi-
ment can be characterised by the mesh size. Therefore,
the ratio of the turbulence scale and the boundary layer
thickness is large, indicating that the present measure-
ments are performed in a new parameter range. Our
experiments resemble the conditions in a gas turbine
more, closely, compared to measurements in a low speed
wind tunnel.

6. Transition experiments

Heat flux measurements are performed for the dif-
ferent turbulence generating grids at a Mach number of

Fig. 5. Stanton number distributions for the 2 and 3 mm grid.

0.36. The unit Reynolds number in the test section is
adjusted such that the transition region covered a few
centimetres of the plate (Table 1).

There are 27 sensors available on the sensor plate.
However, the maximum number of channels which can
be used in one experiment is 16. For this reason the heat
flux measurements have to be performed twice. The first
experiment is taken with the odd numbered sensors
connected, while the second experiment is taken with the
even numbered sensors. Afterwards both measurements
are combined.

To compare the fluxes for several experiments, they
are transformed to Stanton numbers

q"(x,1)

S = T T kResPr-

()
The results are given in Figs. 5 and 6. The heat flux
distributions are comparable to those of Blair [11] ob-
tained for low main stream velocities (30 m/s). However,
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Fig. 6. Stanton number distributions for the 1 and 4 mm grid.

the turbulence level giving a certain distribution is lower
in our case (our 1.25% distribution is comparable to
Blair’s 2% distribution). This also was observed in
earlier experiments [17]. It was found that increasing the
Mach number results in a decrease of the turbulence
level, while no influence on the transition was recognised
(when the turbulence grid is unchanged). This indicates
that the structure of turbulence has a more significant
effect on transition than the turbulence level itself.

The intermittency y at a certain streamwise position
is defined as the fraction of time the flow is turbulent on
that position. However, due to the fact that in our case
heat flux measurements are performed, we used another
manner to define the intermittency. From the theoretical
laminar heat flux (¢i(x)) and a fitted curve through the
turbulent part (g.(x)), the intermittency is obtained

q(x)
qu(x)

N

q(x)
qi(x)’

p) = A (6)

The mean heat flux ¢(x) is determined by taking the
average of fluxes during the test time (which is 40 ms).
This definition implies that transition starts when the
heat flux starts to deviate from the laminar value.

Determining the intermittency by means of the fric-
tion coefficient was already done by Dhawan and Nar-
asimha [5]. The heat flux analogy was proposed by Chen
and Thyson [18]. This approach follows from the Rey-
nolds analogy which describes that for a Blasius
boundary layer, the friction coefficient and the heat flux
are related by a factor of two.

The intermittency curves for the experiment with
several turbulence generating grids are presented in
Fig. 7.
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Fig. 7. Intermittency distributions for several grids.

6.1. Low turbulence levels

Models describing intermittency are based on the
assumption that turbulent spots, discovered by Emmons
[4], develop after a certain critical momentum thickness
Reynolds number, Re, has been reached. Dhawan and
Narasimha [5] assume that spots originate with a
Gaussian distribution around the transition start (x).
Added to the assumption that the spots form at an in-
finitesimal size at one streamwise position, the Nar-
asimha model [6] is obtained. The Narasimha model
assumes a constant spreading rate of the spot. This rate
is characterised by a non-dimensional parameter o,
which depends on the spot growth angle f and the
trailing and leading edge velocities of the turbulent spot

o= U tan(B)[Ug" — U, (7)

le
If N is the number of spots per spanwise length, the
change of intermittency at a certain streamwise position
is characterised by
dy

— = No.

s (8)

Johnson and Fashifar [7] stated that the change in
number of spots is represented by

dN _(1-yn  No
- 1=y

dx U

In this equation U is the mean velocity of the spots and n
the number of spots per second per meter span which
originate at the transition start. The first term on the
right-hand side is the amount of turbulent spots which
reach the present streamwise position by convection.
Merging of spots is described by the second term and

©)
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gives a negative contribution to the number of spots.
Egs. (8) and (9) are combined to an ordinary differential
equation describing the intermittency in streamwise di-
rection

(1—y>%+(%) ~g-=o (1)

From this equation the Narasimha intermittency distri-
bution is obtained, when assuming on/U to be constant

on
y(x):l—exp(—ﬁ(x—x")z). (11)
Johnson and Fashifar [7] extended the model by taking
on/U not constant but a linear function of the stream-
wise distance. This results in the Johnson intermittency
distribution (J is a constant)

7(6) =1 = exp(=J (x = xy.)’)- (12)

It should be noted that a similar distribution (third-
order dependence on the streamwise distance) was al-
ready proposed in the original paper of Emmons [4]. He
obtained this distribution by assuming not a point wise
(at x;) but a distributed (constant along x) breakdown
of turbulent spots.

The start of boundary layer transition can be defined
in several manners. The first definition is that the start of
transition takes place when turbulent spots are initiated.
These spots influence the heat transfer as well as the
friction coefficient. So, the point where the heat transfer
and/or the friction coefficient starts to deviate from the
expected value in the laminar case is the transition start.
The second definition used is that the start takes place at
the point where the heat flux and/or the friction coeffi-
cient obtains a local minimum. The latter definition
implies a start which is situated further downstream
compared to the former definition. However, as is seen
in Figs. 5 and 6, the latter definition is not applicable for
turbulence grids with large diameter bars because a local
minimum cannot be recognised.

To determine the start obeying the first definition,
Narasimha [6] transformed the intermittency by

F(y) = /~Tn(1 - 7). (13)

Transforming a real Narasimha intermittency distribu-
tion with s =2 results in a straight line. The start is
obtained by taking F(y) = 0, while the transition length
depends on the slope of F. The transformation with
s = 3 is used to see whether an intermittency obeys the
Johnson model.

In Fig. 8 the intermittency distribution for the 1L
grid is shown. Fig. 9 gives the function F for the ex-
periment with the 1L grid. It is seen that the latter part
of F indeed follows a line while the front part deviates.
The discrepancy is explained by the fact that turbulent

1
— Narasimha
--- Johnson
0.8] o measurement
0.6 |
>
0.4 ]
0.2
0 T T T
0 2.105 4,105 6.105

Re

X

Fig. 8. Intermittency distribution for the 1L grid.

1 — fit
|- it
x Fly)is=2
151 o F);s=3

0.5 ]

4.10° 6.10°
Fig. 9. Transformed intermittency distribution for the 1L grid.

spots do not originate at one fixed streamwise position
but in a small area around this position. The Johnson
model gives a better description of the intermittency
distribution for the 1L grid, especially for the transition
start.

6.2. Turbulent spots

Individual turbulent spots are recognised in the heat
flux signals. The output for several sensors in the tran-
sition zone for the 2L grid are given in Fig. 10 (all sensor
outputs are plotted on the same y-scale but shifted
vertically; sampling frequency of the signals: 50 kHz).
Clearly, turbulent spots are recognised. The spots grow
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Fig. 10. Heat flux signals for several streamwise sensors for the
2L grid.

and convect in streamwise direction. Cross-correlation
of the output (sampling frequency 380 kHz, peak dis-
tance determination inaccuracy +2%) of two sensors,
situated at Re, = 2.28 x 10° and Re, = 2.68 x 10°, gives
the mean velocity of the spots. The velocities taken rel-
ative to the main stream value are given in Table 2. All
the correlation experiments are performed at a unit
Reynolds number of 4 x 10° m~!. The main cause for
the spread is caused by a non-sharp cross-correlation. A
peak is visible in the correlation diagrams, but deter-
mining the peak centre introduces the inaccuracy.

Clark et al. [12] performed measurements in an ILPT
to determine the velocity of naturally occurring turbu-
lent spots. They found that for a Mach number of 0.25
and 0.55, the mean velocity of the spots was 65% of the
main stream velocity. Ching and La Graff [13] did ex-
periments at several unit Reynolds numbers in an LICH.
For a unit Reynolds number of 2.4 x 10° m~!, they
found a mean spot velocity of 68% and for a unit Rey-
nolds number of 4.2 x 10 m~! they found a velocity of
63%. Therefore, the values listed in Table 2 are slightly
higher than the velocities which are found for natural
occurring spots. No attempt has been made to distin-
guish between the leading- and trailing-edge velocities of
the turbulent spots. In our case too many spots were
present in the flow to determine these features.

Table 2
Mean spot velocities
Grid Relative velocity (%)
1L 75
1H 80
2L 64
2H 74

1
0.8
0.6
?.
0.4
B — exponential model
0.2 ¥ B3.49% 4H
o 2.28% 3H
0 L T
0 5.10* 1.10° 15.10°
Re

X

Fig. 11. Intermittency distribution for the 4H and 3H grid
compared to the exponential model.

6.3. High turbulence levels

The intermittency distributions for the 3H and 4H
grids are depicted in Fig. 11. These distributions cannot
be described well by either the Narasimha or the John-
son model. However, when another source of the spot
production is used, better results are obtained. It is as-
sumed that the turbulent spots are initiated not only at
one streamwise position but along the whole distance in
the transition region. So, this hypothesis is identical to
the one proposed by Emmons [4]. Spots are assumed to
enter the boundary layer at a rate of m per meter in
streamwise direction per meter in spanwise direction
(note that the dimension of m is different compared to
that of n). A second assumption is that the spots enter
the boundary layer with an initial size w. The boundary
layer is intrinsically stable. Therefore the spots do not
grow. The resulting equation for the streamwise inter-
mittency is

dr _

o mw(l — ), (14)

which has an exponential distribution as solution
2(x) = 1 — exp(—mwlx — x,)). (15)

Fig. 11 shows the intermittencies for the 3H and the 4H
grid. Good agreement is found for the exponential
model. So, apparently the hypothesis of no spot growth
in combination with a distributed spot production fits
the measurements.

6.4. Intermediate turbulence levels

In measurements at intermediate turbulence levels,
the results cannot be described by either of the preceding
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models. However, it appears that the results can be de-
scribed by a combination of models. Our hypothesis is
that during the first part of transition, defined as the pre-
transition part, spots are able to enter the boundary
layer but decrease in size due to diffusion in the still
stable boundary layer. After a certain Reynolds number
the boundary layer will become unstable, spots start to
grow and the conventional route to turbulence, ac-
cording to the Narasimha model, is followed. It is likely
that the spot growth parameter, or for present purpose:
a spot decay parameter, is a function of the streamwise
distance. However, for simplification this is not incor-
porated in the model. The equation describing the pre-
transition zone with decreasing turbulent spot size is

— = —ay+mw(l —y). (16)

In this equation, the first term on the right-hand side
describes the change in intermittency due to the decrease
of spot size. For this purpose the parameter a, which is a
measure for the ‘spot decay rate’, is introduced. The
second term is the number of spots which enter the
boundary layer. This term is the same as in the expo-
nential model (Eq. (14)). The solution for the intermit-
tency is

1

M T )

[1— exp(—(mw +a)(x —x)). (17)
This pre-transition distribution has an exponential
growth towards an intermittency which is not identical
to one.

Fig. 12 shows the measurements together with the
pre-transition model and the Narasimha model. It shows
good agreement for the data obtained for the 2L, 2H
and 3L grid. Therefore, the pre-transition model com-
bined with the Narasimha model gives a good descrip-
tion of the intermittency distribution at these
intermediate turbulence levels. It seems that until a
certain Reynolds number is reached turbulent spots with
a certain initial size enter the boundary layer and de-
crease in size. After this Reynolds number, which is
dependent on the turbulence grid, the boundary layer
seems to be unstable enough to allow the spots to grow
and the Narasimha intermittency curve is followed. The
same trend is found for the 1H grid (lower turbulence
level). The only difference is that the latter part of the
transition zone is described better by the Johnson model
than by the Narasimha model. Both distributions are
given in Fig. 13.

For the intermittencies which are described by the
exponential and the pre-transition model, an estimate of
the numerical value of the parameters involved can be
made. A data fit gives the values of mw and a directly
(Table 3).
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Fig. 12. Intermittency distributions for the 2L, 2H and 3L grid
compared to the pre-transition model.
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Fig. 13. Intermittency distribution for the 1H grid.

6.5. Pre-transition—Narasimha coupling

The Narasimha model can be transformed to a di-
mensionless form

y(x) = 1 — exp(—ic(Rex — Rey)?). (18)

In this equation, #¢ is the dimensionless spot production
parameter which describes the transition length. Mayle
presented a correlation for the spot production param-
eter as a function of the turbulence level

fic = 1.5 x 107" 1774, (19)
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Table 3 Table 4
Parameter values Momentum thickness Reynolds number
Grid (-) mw (m™") a (m™) Grid Reyy:
4H 65 - 4H 70
3H 39 - 4L 76
3L 34 82 3H 73
2H 36 126 3L 66
2L 28 92 2H 148
1H 49 101 2L 176
IH 163
1L 343

The data used for deriving this relation together with the
spot production parameters resulting from the present
measurements are given in Fig. 14. The production
parameters are determined in the area in which the
Narasimha model describes the intermittency best. The
turbulence levels are measured 27 mm in front of
the leading edge of the sensor plate. This implies that the
turbulence level just above the leading edge is slightly
lower. We find that 7ic agrees well with that of Eq. (19).

Mayle also derived a correlation for the momentum
thickness Reynolds number at transition start. This re-
lation is given by

Regy = 400 Tu~>/8, (20)

The 1L grid is the only grid which does not show a pre-
transition or exponential intermittency distribution.
Determining the transition start by using Eq. (13) gives a
Reyy, of 343. Using Mayle’s equation gives an expected
start at 348, so good agreement is found for this tur-
bulence grid. However, the transition start for the other
grids is situated much more towards the leading edge
(Table 4; accuracy +10%).
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Fig. 14. Dimensionless spot parameter as a function of the
turbulence level.

6.6. Cross-correlations

At low turbulence levels spots are recognised in the
flux signal (e.g. Fig. 10). However, no spots are seen
directly in the transition zone where the exponential
model fits the measurements. The same is valid for the
signals taken in the pre transition zone for the several
grids. Cross-correlating the output of two sensors, with
a streamwise distance of 10 mm, gives a correlation at a
velocity of approximately 56% of the main stream
velocity (sampling frequency 380 kHz; filtered at 50
kHz). This indicates that in these areas in the transition
zone disturbances are present which move at a velocity
which is characteristic for turbulent spots. This leads us
to the conclusion that very tiny spots, which are not
directly visible in the heat flux signals, are present in
both transition cases. For completeness, also cross-cor-
relation measurements are performed in the laminar
boundary layer. For these experiments no correlation at
any velocity was present, indicating that no artefacts are
present.

An estimate of the initial spot size for the expo-
nential and pre transition intermittency distributions
can be made as follows. From the high frequency
measured heat flux in the transition zone it is found
that the (unfiltered) noise level is 2 kW/m2 . The sensor
signal should raise from the laminar value to the tur-
bulent value when the sensor (width 3 mm) is covered
fully by a spot. In this case the sensor output increases
with a flux level of the order of 1.5 kW/mz, depending
on the unit Reynolds number and the stream wise
position. To detect spots with size in the order of the
sensor width a minimum sampling frequency of 25 kHz
is needed. For the correlation experiments the fre-
quency was 380 kHz, so detection of that large spots
should not be a problem.

Now suppose that the spotsize is % of the sensor
width. This corresponds to a flux increase of 0.5 kW /m’
and a frequency of 75 kHz. As well as the noise level
and sampling frequency are not sufficient to detect
these spots. While no individual spots are recognisable
in the flux signal but the cross-correlation indicates the
appearance of spots, it is estimated that the sensor is
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covered for less than % Therefore, this estimation gives
a maximum size of 1 mm (approximately 15 times the
boundary layer thickness at the transition start). Note
that this argument also holds for clusters of spots.

7. Conclusions

Boundary layer transition experiments are performed
at high subsonic velocities. It is found that several stages
in the transition process can be recognised, depending
on the turbulence generating grid. These stages are well
described by assuming some new sources of the initia-
tion and growth of turbulent spots. Fig. 15 shows the
three different intermittency distributions obtained in
the present experiments. The observations in the heat
flux signals as a function of the turbulence grid, can be
summarised in five regions which are given below.

1. Laminar boundary layer. In this region no turbulent
spots are recognised. Cross-correlation at high fre-
quency does not give any indication of small spots.

2. Transition zone for the 4H and 3H grids (high turbu-
lence levels). No turbulent spots can be recognised
in the heat flux signals directly. However, cross-corre-
lation of high frequency flux signals indicates that
small spots are present. The exponential model de-
scribes the intermittency well.

3. Pre-transition zone for the 1H, 2L, 2H and 3L grid (in-
termediate turbulence levels). No turbulent spots are
recognised in the heat flux signals directly. However,
cross-correlation of high frequency flux signals indi-
cates that small spots are present. The front part of
the intermittency curve is described by an intermit-

1
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Fig. 15. Intermittency distributions for several models.

tency distribution which follows from the assumption
that spots decrease in size.

4. Transition zone for the 2L, 2H and 3L grid. Turbulent

spots can clearly be recognised in the heat flux sig-
nals. This zone is described well by the Narasimha in-
termittency distribution.

5. Transition zone for the 1L grid. Turbulent spots can

clearly be recognised in the heat flux signals. This
zone is described well by the Johnson intermittency
distribution.
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