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The natural laminar—turbulent transition of the flow under a hypersonic forebody is investigated, both
experimentally and numerically. Experiments are conducted on a 1:3-scale model, in the T-313 conventional
blowdown wind tunnel of the Institute of Theoretical and Applied Mechanics—Russian Academy of Science at
Novosibirsk, at Mach numbers 4 and 6. The transition is detected from pitot pressure measurements in the boundary
layer. Transition onset occurs very near the nose at Mach 4 and is delayed to the middle part of the forebody at
Mach 6. For the stability analysis, the mean flow is obtained from Navier-Stokes calculations for the wind-tunnel
conditions. The local modal linear stability theory, coupled with the ¢¥ method, is applied in a three-dimensional fully
compressible formulation. At Mach 4, transition is due to a traveling crossflow instability, and a weak oblique first
mode coexists independently. At Mach 6, the crossflow instability turns progressively to a first mode. N-factors at

transition are around five.

Nomenclature

= amplitude of a perturbation
initial amplitude of a perturbation
speed of sound, m/s
= frequency, s~
enthalpy, J/kg
Mach number
pressure, Pa
= average of the pitot pressure measured over the front
cross section of the pitot probe
Reynolds number
curvilinear abscissa, m
neutral curve abscissa, m
temperature, K
mean flow velocity components along x, y, and z,
m/s
s = group velocity vector, m/s
= coordinates in the global reference frame attached to
the vehicle, m
streamwise, normal-to-the-wall, and spanwise
coordinates, m
wave numbers (complex) in the x and z directions,
m—]
boundary-layer thickness, m
displacement thickness, m
boundary-layer edge parameter
direction of V,
viscosity, kg/m - s
density, kg/m3
= wave propagation angle
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v = wave amplification angle
w = 2xf, pulsation, s~!
Subscripts

dyn = dynamic value (pressure)
M = maximum value

stat = static value

tot = total (or stagnation) value
u = unit length

w = value at the wall

o0 = static value at infinity
Superscript

e = value in the freestream, outside the boundary layer

1. Introduction

HE prediction of laminar—turbulent transition in wall-bounded

flows is mandatory in the design process of hypersonic
airbreathing vehicles. Transition has important consequences on sur-
face heating, skin friction, and other boundary-layer (BL) properties,
like separation [1]. Indeed, a turbulent BL coming in to the air inlet of
a scramjet engine is more likely to withstand the pressure gradients
without separation. However, the transition prediction is still a
challenging task after half a century of intensive research, both
experimental and computational. Today, the most predictive compu-
tational methods of industrial application are based on the linear
stability theory (LST, normal modes analysis) and rely on the semi-
empirical ¢V method [2,3]. The key parameter is the value of the
N-factor at transition, which must be empirically determined for a
particular environment, either quiet (flight conditions, quiet wind
tunnels) or noisy (conventional wind tunnels) [4]. A recent success-
ful comparison between stability calculations and experiments has
been done in the context of the Hypersonic International Flight
Research Experimentation flight-test program [3,6].

The natural transition under flight conditions has been investigated
numerically in a previous study [7], at Institut de Combustion
Aérothermique, Réactivité, et Environnement—Centre National de la
Recherche Scientifique for the flow under the full-scale three-
dimensional hypersonic forebody shown in Fig. 1. The effects of
Mach number (denoted as M, =4, 6, and 8), angle of attack
(denoted as AoA = 2, 4, and 6 deg), freestream dynamic pressure
(Payn = 20 and 60 kPa) through flight altitude, and wall thermal
conditions have been investigated. The aim of this paper is 1) to
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Fig. 1 CAD view of the forebody lying on its back, full scale; {X, Y, Z} is
the global reference for the vehicle, and {x,y,z =Y} is the reference
frame attached to the wall at a point M.

report the results of transition experiments at M, = 4 and 6 on the
1:3-scale model shown in Fig. 2, in the T-313 conventional
blowdown wind tunnel of the Institute of Theoretical and Applied
Mechanics (ITAM)-Russian Academy of Science at Novosibirsk,
and 2) to assess the predictive capabilities of the LST ¢V method for
these experiments. The model includes a compression ramp 478 mm
downstream from the nose, not present on the full-scale CAD view,
which is cut before the ramp.

This paper is organized as follows. Section II describes the experi-
mental setup and the flow parameters. Global features of the flow are
illustrated with schlieren and oil flow visualization. Transition results
are given, deduced from pitot pressure measurements. Section III
gives an overview of the numerical methodology, regarding both
computational fluid dynamics (CFD) simulations and stability
analysis. Additional insight from CFD, on the structure of the flow,
and results from the stability analysis are provided. N-factors are
computed and correlated with experimental transition points.

II. Experiments
A. Facilities and Instrumentation

The T-313 blowdown wind tunnel is fed from a huge air storage at
2 MPa, which allows continuous 5-min runs at a maximum total
pressure of 1.2 MPa and a total temperature of 700 K. The Mach
number ranges from 1.8 to 7, and the maximum unit Reynolds
number is 60 x 10° m~'. Because the flow regime is continuous and
the total temperature in the present experiments is close to room
temperature, the wall of the model, which initially is at room temper-
ature, is able to reach thermal equilibrium during a run. Hence, usual
transition detection by heat transfer measurements is not possible [§].
Transition is indicated by the change in pitot pressure in the BL, due
to the change in the shape of velocity profiles or in the displacement
thickness along the transition zone: a turbulent BL profile is more
“filled” than a laminar one, hence, producing a higher pitot pressure.
By moving a pitot tube, lying on the wall downstream, the onset of
transition is associated with an increase in the measured pressure.

compression ramp
x= 0.478 m

=z

end of CAD drawing

Fig. 2 1:3-scale model of the forebody for transition experiments,
including a compression ramp.

Ppilol

turbulent X

laminar zone of transition

Fig. 3 Schematic illustrating the method used to detect the transition
using a pitot tube: a) laminar, b) onset of transition, c) end of transition,
and d) turbulent.

This pressure, hereafter designated as PP, is the average of the pitot
pressure at the front cross section of the pitot tube. At the end of
transition, the PP is at its maximum value. Then, due to turbulent
diffusion, the BL thickness increases and the PP decreases. Figure 3
illustrates the principle of the method, which has been successfully
applied by V. Kornilov, from ITAM, in flat-plate experiments in
T-313 [9].

Two rakes with three pitot tubes have been designed for M, = 4
and 6, allowing for three spanwise simultaneous measurements.
The tips of the tubes have been, respectively, flattened to 0.1 and
0.2 mm, in order to stay below 20% of the predicted laminar BL
thickness. In the early development of the BL near the nose, this
requirement is not perfectly fulfilled, but this size of the probes has
proven to give the highest PP variation across the transition zone in
the experiments of [9]. Pressure transducers are Siemens KPY 4x-A
Infineon Technologies silicone piezoresistive absolute pressure
Sensors.

Because at M, = 4 the transition is expected near the nose of the
forebody, the pitot tubes are set closer to each other than those
designed for the runs at M, =6, in which transition is rather
expected in the wider middle part of the body. The spanwise locations
have been chosen to cover the forebody width, but to stay within the
compression ramp width. Each of the pitot tubes is connected to an
independent electrical circuit. The rake is moved downwards until
one of the tubes contacts the wall. The rake can then be moved along
the body with an axial amplitude of 200 mm. At a given position, the
rake can also be moved normal to the wall to measure the PP profile.
Figure 4 shows the installation of the forebody in the test section of
T-313, for pitot rake measurements. During some runs, schlieren
visualizations of the structure of the flow have also been done.
Moreover, some runs have been dedicated to oil flow visualization of
the wall friction lines, to demonstrate crossflow (CF) presence. In this

Fig. 4 Model in the test section of T-313 for pitot rake measurements.
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Fig. 5 Setup of the model for oil flow visualizations.

case, the model is installed differently in the test section, in front of
the optical access (Fig. 5).

B. Flow Parameters and Visualizations

In all the experiments, the angle of attack is 4°. The leeward
surface of the forebody is almost parallel to the freestream, and the
windward surface, of interest for the BL investigation, is inclined 8°
to the flow direction. Nominal parameters are given in Table 1.

The computed static temperature and pressure are 67 K and
6815 Pa at M, =4, and 46 K and 543 Pa at M, = 6. Because the
pressure is low, nitrogen does not liquefy at these very low temper-
atures. During a run, the total parameters of the flow are sampled
from time to time by the operator. They vary slightly, as shown in
Fig. 6. The deviation is about 1% at M., =4 and about 3% at
M, = 6. Hence, all the results presented hereafter concerning the PP
are normalized with the instantaneous total pressure.

Figure 7 shows a nice visualization of the leading shock at M, =
4 (run 1). Figure § is an image of the pitot rake inrun 2, M, = 6. The
lighter near-wall region corresponds to the BL where the temperature
is higher, yielding lower near-wall densities.

An oil flow visualization of the wall friction lines is given in Fig. 9
(run 5, M, = 4). It shows the presence of CF from the attachment
line near the nose leading edge, toward the plane of symmetry. CF
occurs because the shock is closer to the lateral edge than to the upper
and lower walls (the shock has a quasi-elliptic cross section, which
surrounds the quasi-rectangular cross section of the body). Hence, a
pressure gradient drives the near-wall flow toward the centerline of
the forebody. This phenomenon is the same as the one observed by
Kimmel et al. [10,11] on an elliptic cone. The higher the Mach
number, the more CF is observed, because the shock wave is more
oblique and lies closer to the body.

C. Transition Results

All of the results are presented in the coordinate system {x, y, z},
attached to the wall (Fig. 1). The origin of the z axis is at the
symmetry plane, and the y axis is normal to the wall. Because the wall
is a plane, this coordinate system is the same for the whole surface.
The PP distribution has been measured and computed along the lines
drawn in Fig. 10, and profiles have been measured and computed at
the ends of the lines. Details of computations are given in Sec. IILA.

Table 1 Nominal flow parameters for experiments
in the T-313 wind tunnel

Run number M., P,,MPa T,,K Re, m™' Visualization

1 4 1.03 283  49.4 x 10° Schlieren
2 6 0.85 380  10.9 x 10° Schlieren
3 6 0.82 380  10.5x 10° Schlieren
4 6 0.80 320 13.9 x 10° Oil flow
5 4 1.00 283  48.0 x 10° Oil flow
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Fig. 6 Variations of total temperature and pressure during run 3,
M, =6.

Fig. 8 Schlieren visualization, run 2, M_, = 6, showing the pitot tubes
in the BL and the support of the rake (obstruction).

The computations for a turbulent flow do not claim to be predictive,
but have been done for a qualitative comparison with experimental
results.

Run 1: M, = 4. Figure 11 shows the evolution of the measured
and computed PP along the lines with corresponding symbols. One
can clearly see an increase in PP up to a maximum, followed by a
decrease typical of a turbulent BL. The computed PP for a turbulent
flow qualitatively confirms the trend. Since a laminar calculation
does not correlate with the experimental data, transition has occurred.
This is confirmed by the PP profiles measured at x =25 mm
(Fig. 12) and x = 205 mm (Fig. 13). At x = 25 mm, PP profiles are
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Fig. 9 Oil flow visualization: wall friction lines show CF toward the
plane of symmetry, run 5, M, = 4.

’ x =460 mm

x =205 mm ’ x=219 mm ‘
]

‘4 e . by .
compression
— —_——— e —— . X e, A g -
Y ramp

z=8.5,18.5,28.5 mm z=28.5,26.0,43.5 mm
lines for M..= 4 lines for M..= 6

Fig. 10 Lines of measurement along x for the PP distribution of Figs. 11
and 14 and location of PP profiles of Figs. 12 and 13 (run 1, M, = 4) and
Figs. 16 and 17 (runs 2 and 3, M, = 6).

close to those of a laminar BL. At this abscissa, it is clear that the
0.1 mm probe height exceeds 50% of the BL thickness and is above
the sonic line. Hence, measured PPs are quite different from local
pitot pressures. The laminar character of the flow is obvious. One can
also notice that the outermost tube (square symbols, z = 28.5 mm)
touches the wall for x > 50 mm. Hence, at x = 25 mm, this tube is
outside the shock, and the measured profile is that of the freestream at
M, =4.05. At x = 205 mm, Fig. 13 shows that the measured PP
profiles are more similar to those of a turbulent BL than to those of a
laminar one. Moreover, for the tube at z = 8.5 mm location,
computed data closely agree with measured PP profiles.

So, at M, = 4, for the conditions of run 1, transition occurs very
close to the nose, although the transition onset points are not obvious
in Fig. 11. They can be estimated at x = 25 mm, where the first
profiles have been measured. According to the peaks of PP observed

0.06 - [ 2=28.5 mm
——H&—— laminar
——H— turbulent

[ ) z=18.5 mm

0.05 [~ v B —-&—— laminar
- Vv —&— turbulent
B L | v 2=8.5 mm

v —~/— laminar
—7— turbulent

o
o
=
U I U U
<0
§
<4

Ppilot /P tot

0.03

0.02

0.01
0

Fig. 11 Measured (filled symbols) and computed PP along the lines
shown in Fig. 10: run 1, M, = 4.

0.2

0.15
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o
1

2=28.5 mm
——H—— laminar
o 2=18.5 mm

0.05 —&—— laminar
\ 4 z=8.5 mm
——7— laminar
B I I I I ]
C%/ 0.2 0.4 0.6 0.8 1

y (mm)
Fig. 12 Measured (filled symbols) and computed PP profiles,
x=25mm:runl, M =4.

in the figure, one can estimate the end of transition at x &~ 50 mm for
z=28.5 mm, atx &~ 35 mm for z = 18.5 mm, and at x ~ 60 mm for
z=128.5 mm.

Runs 2 and 3: M, = 6. The unit Reynolds number is much lower
than for run 1 (see Table 1), and the Mach number is higher. Hence,
transition is expected to move downstream toward the middle of the
forebody. The model is placed in the test section, so that measure-
ments begin atx = 219 mm. Figure 14 shows the PP measured along
the lines identified in Fig. 10, and Fig. 15 is a zoom on the data at
z = 8.5 mm. The probe lies everywhere below the computed sonic
line, for a laminar as well as for a turbulent BL.

During run 2, the PP measured by the two outermost probes
always increases (except a peak located at x ~ 320 mm and z=
43.5 mm). This suggests that the beginning of transition is just at or
immediately after x = 219 mm for z = 26 and 43.5 mm. The probe
at z = 8.5 mm clearly indicates the onset point of transition at
x ~ 320 mm in Fig. 15. Obviously, the end of transition is not
reached during run 2 for any of the probes. For this reason, run 3 has
been done with the model displaced by 100 mm upstream. This also
allows us to test the repeatability of the measurements.

The 50 mm shift between the curves of run 2 and run 3, for the
tubes located at z =26 and 43.5 mm in Fig. 14, may have two

02

| z=28.5 mm
——H&H—— laminar
—+H— turbulent
[ ] z=18.5 mm
—&—— laminar
—&— turbulent
v z=8.5 mm
———— laminar
——7— turbulent

0.1

Ppitot / Ptot

0.05

y (mm)
Fig. 13 Measured (filled symbols) and computed PP profiles,
x =205 mm: run 1, M =4.
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Fig. 14 Measured PP during run 2 (filled symbols) and run 3 (open
symbols), along the lines shown in Fig. 10: M, = 6.
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Fig. 15 Zoom on the data for z = 8.5 mm in Fig. 14.

probable causes: the unit Reynolds number has changed from 10.9 x
10°to 10.5 x 10° m™!, delaying the beginning of the transition; and,
because the mechanical displacement device visible in Fig. 4 is not
absolutely rigid, the position of the rake has probably been controlled
by the tube at z = 8.5 mm, for which the shift is smaller in Fig. 15.
The other tubes may have been at slightly different altitudes during
the two runs. It is recalled that the rake is moved downwards, until
one of the tubes comes into electrical contact with the wall while the
flow at M, = 6 is running.

The PP profiles measured at x = 219 mm are very similar to those
of laminar calculations (Fig. 16). Although the results for z =
8.5 mm are not as good as for M, = 4, the zoom of the near-wall
region rather indicates a laminar behavior. This confirms the results
of Fig. 14, which show that this location is the very beginning of the
transition. The profiles of Fig. 17, measured just before the
compression ramp of the air inlet, are typical of a turbulent BL.
Calculations have not been done at this location, the CAD model
being cut before at x = 430 mm.

So, at M, = 6, for the conditions of run 2, transition onset occurs
at x ~ 220 mm for the probes at z = 26 and 43.5 mm and at x~
320 mm for the probe at z = 8.5 mm, close to the plane of symmetry.
During run 3, the end of transition is observed, respectively, at
x 2400 mm for the two former probes and x &~ 450 mm for the
latter.

2=43.5 mm
¥ ———— laminar
=——f— turbulent
@® z=26.0mm

n.§ 0.03 —&—— laminar

~ —O— turbulent

% 2=8.5 mm

o ——/— laminar
0.02 —7— turbulent
0.01

y (mm)

Fig. 16 Measured (filled symbols) and computed PP profiles,
x =219 mm, run2, M, = 6.
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Fig. 17 Measured PP profiles, x = 460 mm, run 3, M, = 6.

III. Computations

CFD and stability calculations have been performed for flight
conditions and for the T-313 wind-tunnel conditions. In the simu-
lations of experiments, the wall of the body is supposed adiabatic, as
discussed in Sec. IL.A. In flight conditions, the wall is radiating with
high emissivity and is assumed to be in thermal equilibrium with the
flow. Details about physical models (thermodynamics and transport),
numerics, and validation of the method can be found in Ferrier et al.
[7]. For conciseness, only the main features of the calculations are
given here, emphasis being given to the results. In fact, calculations
have been done before the experiments, for estimated values of the
experimental conditions. Parameters of calculations are gathered in
Table 2, to be compared with Table 1.

Table 2 Parameters of calculations to simulate experimental runs

Run M, Py, MPa T, K Py, Pa Ty, K Re,, m™!
1 4 0.98 283 6484 67.3 46.9 x 10°
2-3 6 0.808 400 516 48.7 9.5 x 10°
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z
Fig. 18 Overview of the computational mesh; ZI is dark.

A. Computational Fluid Dynamics: Mean Flow

Calculations have been performed using the second-order upwind
implicit density-based solver available in Fluent 6.3.26, with the Roe
flux. The compressible Navier—Stokes equations, with fully variable
thermodynamic and transport models, are solved. The objectives are
threefold: 1) to obtain global information on the BL in the laminar
and turbulent cases, like thicknesses, wall friction, recovery temper-
ature, pitot pressure, etc. (these data are useful to design, for example,
the pitot probes); 2) to obtain numerically the PP profiles in the
laminar and turbulent cases for a comparison, at least qualitative,
with the experimental profiles and, hence, to confirm the occurrence
(or not) of transition; and 3) to obtain an accurate laminar mean flow
for stability calculations. Figure 18 shows the computational mesh of
the forebody lying on its back, to make visible the zone of interest (ZI,
in dark in the figure) for the stability calculations. In this area, which
starts 4 cm (full scale) from the nose, the wall is a plane in which the
BL develops. Near the nose and on the edges of the body, the parallel
flow assumption is not valid, and the local modal stability theory does
not apply. In the nose region, the mesh is hexahedral and unstruc-
tured, and in the ZI the mesh is fully structured.

Turbulent calculations have used the Menter k-w shear stress
transport turbulence model [12]. The model is turned off in the nose
region, to avoid an erroneous excessive production of turbulent
kinetic energy across the shock. It is turned on quite arbitrarily in the
ZI. This explains the transitional behavior of the computed PP in
Fig. 11.

The grid convergence has been investigated by building different
meshes, for which the parameters are gathered in Table 3. Meshes 1—-
4 and 6-7 are designed for M, = 6 (and M, = 8, flight conditions).
Mesh 5 is for M, = 4. In this case, the size of the computational
domain is increased to avoid numerical reflection of the shock on
external boundaries. For each mesh, the height of the first cell above
the wall is less than 0.015 mm all along the body. The cell Reynolds
number

pl”a"J Ay",’
Reey =—— M

w

Table 3 Number of cells for the different meshes

Meshnumber ZI:X ZL'Y ZI:Z Total, x10°

1 56 32 71 0.9
2 90 32 101 1.7
3 90 40 101 2.0
4 90 60 101 2.0
5 95 72 141 33
6 90 60 201 45
7 90 60 201 5.1
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Fig. 19 Grid convergence: streamwise (filled symbols) and spanwise
(open symbols) velocity components at X = 0.5 mand Y = 0.05 m, flight
conditions, M, = 6.
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the nose, M, = 6, full scale, mesh 4.

isaround 12-14 for M, = 4 and around 2—4 for M, = 6. The values
for M, = 4 are a little higher than recommended by Papadodouplos
et al. [13] for an accurate wall heat flux prediction, but are sufficient
for an adiabatic wall.

Meshes 6 and 7 have been designed for a better resolution of the
BL and of the nose region, compared with meshes 1-4. In mesh 7, the
grading of the cells normal to the wall has been increased, compared
with mesh 6, for an even finer resolution of the BL. Figure 19 shows
the grid convergence for streamwise and spanwise velocity profiles
located at X = 0.5 m and ¥ = 0.05 m, for the full-scale forebody in
flight conditions at M,, = 6. There is no significant difference
between the results of mesh 4 and those of meshes 6 and 7. So, for the
simulation of runs 2 and 3 at M, = 6, mesh 4 was retained.

Figure 20 shows the resolution of the shock at the nose in the plane
of symmetry. In Fig. 19, the spanwise velocity component is
associated with the CF pattern observed in Fig. 9 and has highly
inflexional instability. Near the plane of symmetry, the flow rolls up
into a pair of long longitudinal counter-rotating vortices, which are
very difficult to destabilize. In this central part of the body, the
entropy layer generated by the curved bow shock at the nose is
swallowed downstream by the BL. This has been identified as a
stable region, by Stetson et al. [14], on a blunt cone at M, = 8. The
stability results presented hereafter confirm this behavior.

Figure 21 shows the streamwise velocity and temperature profiles
at x = 0.2 m for different spanwise locations. Calculations are done
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Fig. 21 Streamwise velocity (filled symbols) and temperature profiles
(open symbols) at x = 0.2 m for different spanwise locations, M, = 6,
experimental conditions, mesh 4; symbols are every 10 grid points.

for the experimental conditions of runs 2 and 3. Symbols are plotted
at every ten grid points. For the most central locations, z = 2.5, 4.5
and 7.1 mm, the profiles result from the combination of the
longitudinal vortices and the entropy layer. From z = 10.5 to 21 mm,
profiles are characteristic of a mixed boundary—entropy layer. At
z = 40 mm, the entropy layer disappears, and standard BL profiles
are obtained.

The definition of the edge of the BL is not obvious and is subject to
discussion [15]. Starting in the freestream, the edge of the BL is
found along a normal to the wall when the total enthalpy variation is
greater than a prescribed value between two successive mesh points:

Htol(yj) - Htot()’j-f—l)

S:
| Hy (yj')

|<e @

This method differs slightly from the one proposed by Kimmel et al.
[10], which defines the edge of the BL as the point at which the total
enthalpy is 1.005 times the free-flow stagnation value. We found that
this method gives too small values of 4. In Table 4, the results of the
present method for different values of € are compared with those of
the Kimmel et al. criterion for some profiles of Fig. 21. Visually, the
best estimation is obtained for € =5 x 107*. The laminar BL
thickness is compared in Fig. 22 for runs 1 and 2. The BL thickness
increases continuously from the nose to the end of the forebody, and
is almost everywhere greater than the cross-sectional size of the pitot
tubes described in Sec. II.A (0.1 mm for M, =4 and 0.2 mm for
M, = 6), used for the PP measurements presented in Sec. IL.C.

To better understand the stability properties of the near-wall flow,
the computed wall friction lines for M, =4 and M, =6 are
displayed in Fig. 23 in the nose region and can be compared with the
oil flow visualization (Fig. 9). At M., =4, one can see the
attachment line close to the edge of the ZI, although it is not clearly
visible in Fig. 9. At M, = 6, the attachment line is moved outside of
the ZI, on the lateral edge of the forebody (see Fig. 6 in [7]). Crossing
the attachment line changes the sign of the CF velocity component.
Some elements of the classical theory for the stability of attachment
lines on swept wings can be found in [16].

Table 4 BL thickness (mm) for different criteria

€inEq.(2) 10 5x10™* 107* 1072 Kimmeletal. [10]
z=25mm 728 5.95 596 542 5.68
z=71mm 655 5.17 495 148 4.74
z=15mm 347 3.34 1.77 1.54 1.69
z=40mm 4.09 1.80 172 1.57 1.65

oot T R
01: d(mm): 05 1 15 2 25 3 35 4 45 5
__005F
3 I
N 0:_
-0.05
OAE
0 0.1 0.2 0.3 0.4

x (m)

Fig. 22 Laminar BL thickness computed for run 1 (M., = 4) and run 2
(M, = 6), Eq. (2), € = 510~*,

0.05 -

z (m)

-0.05 ! ! ! ! 1 ! ! ! ! 1 ! !
0 0.05 0.1
x(m)
Fig. 23 Wall friction lines for M, = 6 (top) and M., = 4 (bottom) in
the nose region.

B. Stability Analysis

The well-known modal local LST, in a fully compressible
formulation with variable thermodynamic and transport properties, is
applied to the three-dimensional mean flow profiles obtained from
laminar CFD simulations. The method has been validated on the
M, =10 flat-plate case of Malik and Anderson [17]. In the
coordinate system {x, y, z}, attached to the wall, a three-dimensional
perturbation ¢’ of any of the laminar mean flow variables
{p,U,V,W, P, T} takes the form of a normal mode:

q'(x,y,2, 1) = q(y) expli(ex + Bz — wt)] 3)

in which, in the spatial approach @ = «, + ir; and § = B, + iB;, are
the complex wave numbers in, respectively, the longitudinal and
transverse directions, and @ = 2xf is the real pulsation. The
direction of propagation of the wave is ¥ = tan~!(8,/«,), and the
local amplification /a2 + B2 is observed in the direction =
tan~!(B;/«;), which is a priori unknown and for the determination of
which several approaches have been proposed [18—20]. In the present
study, the direction of amplification has been taken as the direction 0,
of the real part of the group velocity V,, at which the energy of awave
packet travels:

0w ow
MVl =50, % T35, s
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Fig. 24 First mode stability results: run 1, M, =4, f =30 kHz.

An original method has been derived [7] to compute efficiently 6,
(but not 9R{V,}) in the spatial approach.

At each location, one seeks for a given frequency f the angle ¥,
giving the maximum amplification max,, /o + B7. This is the so-
called envelope method. Then, the total amplification of a wave along
an integration path tangent to the local group velocity direction 6, is
computed as

A s
 =ex VoZ + By d } =M 5)
A P{/;O B |w Yt £

In Eq. (3), s¢ is the point on the integration path at which the wave
with local amplitude A, becomes unstable. This gives the factor N,
for the considered frequency. The global N-factor is the envelope of
Ny curves.

Stability results, run 1: M, =4. The LST indicates the
coexistence of Mack’s oblique first modes [or Tollmien—Schlichting-
like (TS) waves] and CF instability. Between the edge of the ZI and
the attachment line, TS and CF instabilities have v, angles of the
same sign, and between the attachment line and the symmetry plane,
the angles are of opposite sign. The CF wavelengths are smaller
(typically, 10 ~ 156,,) than those of the first modes (20 ~ 506,,), as
already observed in three-dimensional hypersonic flows [21].
Contour maps of ¢; and v, for TS waves over the ZI are provided in
Fig. 24 for the frequency f = 30 kHz, which is roughly the most
unstable one. Results along the sample mesh line drawn in Fig. 24 are
given for frequencies f = 10, 20, 30,40, and 50 kHz. This line passes
through the experimental onset of transition found with the tube
located at z = 8.5 mm. Figures 25 and 26 show, respectively, the
amplification rate ¢; in the x direction and the angle of propagation
V), of the most unstable waves. Except outboard from the attachment
line near the nose, this first mode instability is weak: the local

o (mT)
0

0

-10 4

-20

-30 -

40 kHz

-40 -
Fig. 25 Amplification rates «; of the first mode along the sample line
drawn in Fig. 22 for different frequencies, run 1, M, = 4.

g0, ¥M°
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40
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0.0 0.1 0.2 0.3 0.4
x (m)
Fig. 26  Angle of propagation ¥, of the first mode along the sample line
drawn in Fig. 22, run 1, M, = 4.

amplification does not exceed —35 m~!, and the waves are stable
near the nose, inboard from the attachment line.

Contrary to the TS waves, the CF instability is very high, as seen in
Fig. 27, which shows the contour maps of «; and v, for the CF wave
of frequency f = 30 kHz. Amplification rates along the sample line
are plotted in Fig. 28. They are as deep as —180 m~! near the nose.
Figure 29 shows the absolute value of the v, angle, typical of CF
waves near the nose. The angle decreases gradually downstream, to
reach values which could be misinterpreted as those of a first mode
instability. These CF waves have marginal instability at the end of the
forebody. To distinguish between TS and CF waves, care must be

01| L e

B oc(m"): -100 -90 -80 -70 -60 -50 -40 -30 -20 -10

sample line

z (m)

B ¥,°: 60 625 65 675 70 725 75 77.5 80 825 85

! R R R R

0 0.1 0.2 0.3 0.4
x (m)

Fig. 27 CF stability results: run 1, M, =4, f = 30 kHz.
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-200 -
Fig. 28 Amplification rates «; of CF instability along the sample line
drawn in Fig. 27 for different frequencies, run 1, M, = 4.
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Fig. 29 Angle of propagation v, (absolute value) of CF waves along
the sample line drawn in Fig. 27, run 1, M, = 4.

taken to follow both instabilities, starting from the nose (where ||
are clearly different) to the end of the forebody, making sure not to
“jump” from one kind of wave to the other (i.e., checking the
continuity of «,(s)).

A simple comparison between Figs. 24 and 27 leads to the
conclusion that the experimental transition found close to the nose at
M, = 4,between the symmetry plane and the attachment line, is due
to the CF instability, TS waves being stable at this location.

Stability results, runs 2 and 3: M, = 6. Figure 30 shows the
stability results for the frequency f = 30 kHz, which is again one of
the most unstable, as shown in Figs. 31 and 32. These figures display
the amplification rates along the specific mesh lines (a) and (b) of
Fig. 30, which have been selected because they pass, respectively,
through the experimental onset of transition found with the tubes
located, respectively, at z = 26 and 43.5 mm. According to the very
high v, values observed near the nose in Figs. 33 and 34, the
instability is clearly of the CF type, first. The v/, values progressively
become typical of oblique first mode downstream. The amplification
rate is lower than at M, , =4, in accordance with the delayed
transition observed in experiments during runs 2 and 3. A very weak
instability (probably a first mode) has been detected, with a propa-
gation angle of opposite sign, but it is so local and so weak that it
plays little or no role in the transition process. Although the
freestream Mach number is 6, the computed edge Mach number
never exceeds 4.9, and no Mack’s second mode instability [22] has
been found.

C. N-Factor Results

In the semi-empirical " method, transition is supposed to occur
for a prescribed value of N. In flight conditions, or for quiet wind
tunnels, it is generally assumed that N = 9 ~ 10 are suitable values

o1t L Inmmaan
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0 0.1 0.2 0.3 0.4
x (m)

Fig. 30 Stability results, f = 30 kHz: run 2, M, = 6.
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f=10kHz

50 -
Fig. 31 Amplification rates «; for line (a) in Fig. 30 for different
frequencies, run 2, M, = 6.

-60
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-120 -

Fig. 32 Same as Fig. 31, line (b), run 2, M, = 6.

for transition due to first or second mode instabilities. In conventional
wind-tunnel experiments, N-factor at transition depends on the
environmental noise, which depends, in turn, on the Mach number,
the unit Reynolds number, stagnation conditions, and many other
parameters [22]. At high-noise level, N-factor at transition is usually
3~5.

Little is known about N-factor at transition due to traveling CF
disturbances in hypersonic flows. In the experiments of Cattafesta
et al. [23], on a swept wing at Mach 3.5, N = 13 was found to
correlate best with the observed transition location. During the
Pegasus wing-glove flight experiment, Malik et al. [24] found
transition N-factors between 7 and 12.3 for stationary disturbances
(f = 0 Hz) and between 7.6 and 14.1 for traveling waves, the flight
Mach number ranging from 4.13 to 4.99.

90 4 Y™

50 +————F—F+—+—T—"—T T+ T T+
0 0.1 0.2 0.3 0.4
x (m)

Fig. 33 Angle v, of the most unstable waves for line (a) in Fig. 30,
run2, M, = 6.
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Fig. 34 Same as Fig. 33, line (b), run 2, M, = 6.
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Fig. 35 Computed N-factors and experimental zone of transition:
run 1, M, =4, f = 30 kHz; circles are the experimental end points of
transition.

The integration of amplification rates, according to Eq. (3), starts
at the edge of the ZI (see Fig. 18), not at the neutral curve. Hence, in
the computation of N-factors with N(s = 0) being set to zero, the
total amplification of the area located between the neutral line and the
beginning of the integration path on the edge of the ZI is not taken
into account. It is difficult to accurately estimate the missing amount
of amplification, but roughly, the ZI being 1.33 cm downstream from
the nose, a constant o; = —100 m~! will generate an additional 1.33
value to the computed N-factor. In the case M, = 4, Fig. 28 indi-
cates rather ¢; = —150 m~'; in the case M., = 6, Fig. 32 indicates
a; = —120 m™". So, the global uncertainty for the N-factors pre-
sented hereafter is less than two.

z (m)

0.1 0.2 0.3 0.4
x (m)

Fig. 36 Computed N-factors, runs2 and 3,M_, = 6,f = 30 kHz;black
squares are the experimental onset points of transition.
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Fig. 37 Comparison of computed N-factors on the sample lines of
Figs. 24 and 30, all runs, M, = 4 and 6, f = 30 kHz.

At M, =4, run 1, CF N-factors for f =30 kHz reach a
maximum value of 47 at the end of the forebody, whereas those of the
first mode do not exceed 14. Figure 35 shows the map of the
computed N-factors in the nose region, over which the experimental
transition zone determined in Sec. IL.C is depicted (dashed
rectangle). The left border of the rectangle is at x =25 mm, the
estimated onset of transition from Fig. 11. The right border is at
x = 60 mm, the transition end point for the outermost probe. The
curves are the integration paths tangent to the group velocity.
Transition starts where N-factors vary from 0.5 to 2, within the
uncertainty previously mentioned. At M, = 6, in the case of run 2,
Fig. 36 shows that transition N-factors are around five. Finally,
Fig. 37 compares N-factors on the selected sample lines for all runs.

IV. Conclusions

In this study, the laminar—turbulent transition on a hypersonic
three-dimensional forebody has been investigated, both exper-
imentally and numerically. It has been shown that a quite simple
technique, based on PP measurements, can be used to detect the onset
and end points of transition in a blowdown wind tunnel. This
technique is, however, not suitable in an impulse wind tunnel, due to
the short operation time. Transition occurs near the nose at Mach 4
and is delayed downstream at Mach 6. The modal LST, applied to
mean flow profiles obtained from Navier—Stokes simulations, has
allowed understanding, at least partially, of the instability mech-
anisms responsible for transition. It is concluded that transition is
dominated by traveling CF disturbances of frequency around 30 kHz,
which are very unstable on both sides of the attachment line at
Mach 4, the attachment line itself being stable for traveling distur-
bances. At Mach 6, it was not possible to make a clear distinction
between CF and first mode instability. Application of the empirical
eV method is not straightforward when three-dimensional geom-
etries are considered, compared with flat-plate or cone flows. In the
present study, the major cause of uncertainty is the lack of computed
N-factor growth at the leading edge, between the neutral curve and
the beginning of the integration path. This may be the subject for
future investigation. However, within the uncertainty of the method,
N-factors at the beginning of transition are around three for Mach 4
and around five for Mach 6.
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