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ABSTRACT

Supersonic and hypersonic numerical research activitiése“Lehrstuhl fir Aerodynamik” at the Technische
Universitat Minchen are presented in this paper.

Based on the ADM (Approximate Deconvolution Method), LES&ilsitions of a turbulent ramp flow with
a subsequent decompression corner at M=2.95 are condudtkd. results excellently compare with the
experimental findings and show the feasibility of such laggle simulation albeit their large computer
resource requirements. These simulations predict flow @inema which can not be captured with RANS
simulations.

For the hypersonic research, flat-plate boundary layers ameestigated to examine the influence of
chemical and thermal non-equilibrium on laminar-turbuléransition with direct numerical simulations. This
encompasses the modelling of the chemical reactions obaliig gas and the variable thermodynamic
properties which depend on species concentrations. A seiemnperature describing the vibrational degrees
of freedom of the molecules involved is used to model thenddemon-equilibrium.

INTRODUCTION AND METHOD to compressible flows [20,4]. The ADM im-
proved the quality of the modeling of the subgrid
stresses at the expense of a somewhat higher

Large-scale simulations for the investigation gfomputational cost due to the increased num-
Comp|ex flows at Supersonic and hypersonpﬁr of fllterlng operations on the same grld size.
Mach numbers are still a challenge for thdhe method was used by Loginov to compare
method employed and the computers used. Cowith experimental results and gain insight into
p|eX flow phenomena like Shock/boundary_|ayé1'etai|6d features of the SpeCifiC flow. Surpassing
interactions and the simulation of reacting flowte confirmation of experimental ressit the
require careful attention to the numerical methdeES discovered large-scale structures (Gortler-
and require fine enough resolution to calculat¥pe vortices) and low-frequency shock motion.
all necessary physical effects properly.

The hypersonic investigations have been con-
For the simulation of turbulent supersonic flowgjucted with Direct Numerical Simulations with
early simulations with DNS by Adams [1-3]the numerical method developed by Adams [1]
showed the development of the shock-turbulenaed extended by Stemmer [16-18] for thermal
interaction at a supersonic ramp flow. TAp- and chemical non-equilibrium effects. The chem-
proximate Deconvolution MethoADM) was ical source terms have been modeled according
developed for incompressible flows by Stolzp Park [14] and the thermodynamical properties
Adams & Kleiser [19] and subsequently adaptduhve been calculated on the base of [9,15]. Anin-



troduction to non-equilibrium DNS is also giver _
in Candler [8]. As Schneider [21] points out, de /
pendable experimental data on transition in h'

personic flows is not available which underline
the importance of numerical investigations c
flows that are not reproducible in wind tunnels i
all the similarity numbers likeRe, Ma and Da.  #

Bertin & Cummings [7] consider the difficulties

and uncertainties in hypersonic research. Com-

parisons of equilibrium calculations with LineafFig. 1. Instantaneous Schlieren-type image (density
Stability [12,18] have shown the applicability oPradient averaged in spanwise direction) from the
the developed method. An experiment at ver‘*;)ES

high Mach numbers by Mironov & Maslov [13]i=
is available for comparative purposes.

RESULTS

Supersonic Ramp flow Fig. 2. Schlieren image from the corresponding ex-
periment

The confirmation of experimental ressltan be 144, 000, which was out of reach for the present
comprehended at hand of the comparison of tis@mulations), the frequencies do not match as can
numerical density gradient (Fig. 1) with experbe expected [11].

imental Schlieren images (Fig. 2). The features

visible in the experimental Schlieren image arEhe mean-flow structure over the compression
excellently reproduced in the numerical picture@mp is shown in Fig. 3. where 10 streamlines
of the density gradient averaged in spanwise dfom the inflow boundary can be traced down-
rection exceeding the clarity of the Schlieren intream through the shock (light shaded). Gortler-
age. The shock, the turbulent separated flow alig vortical structures can be seen on the upward
the compression waves underneath the shock gkéface of the ramp.

clearly to be identified.
Hypersonic reacting flat-plate boundary-layer

Table 1 f
Fow parameters for the supersonic ramp flow ow
Mo 2.95
Rey, 63,560 The simulations presented were conducted at
free stream Ma=20 at an altitude of H=50 Km,
ramp angle 25 which corresponds to a point on the flight return

path of a LEO-vehicle. The atmospheric prop-

erties can be taken fromable 2. A steady two-
The experiments found a low-frequency oscilladimensional base flow is calculated. Periodic
tion of the shock which could be confirmed byhree-dimensional blowing and suction at the
the numerical simulations. As the experimentalall is prescribed to introduce the disturbances.
Reynolds number was somewhat largBe{, =



Fig. 3. Time-averaged flow with stream lines and vor- S-#

tical structures

Table 2
Atmospheric and flow parameters for hypersonic sim-
ulatidons
M 20.0 Pss 79.78 Pa
Re;, 34,951 Uy, 6596 m/s
Too 270.65 K| xo  1.609 m
Twar 811.95K
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Fig. 4. Disturbance development as the wall-norm

e (1,1) u' reac.

maximum for non-reacting and reacting flow

0

diminished by a factor of 2-3 at the presence
of chemically reacting flow. For the simulation
of non-equilibrium chemically reacting flow, a
stronger influence on the disturbances for higher
amplitude levels are to be expected.

o
w

Fig. 5. Disturbance development in the vicinity of
the disturbance locationz(= 2.1) as disturbance
pressure contours

The vicinity of the disturbance strip is shown
in Fig. 5. The contours correspond to the dis-
turbance pressure levels. The disturbances are
bound in the wall-normal direction by a charac-
teristic in the angle of the local Mach number
(o = 3°). This contradicts the prerequisites of
the Linear Stability Theory (exponential decay in
wall-normal direction of the disturbance modes)
and leads to a decrease in disturbance amplitude
up to the point where the characteristic is far
enough away to justify the assumption.

CONCLUSIONS

LES of supersonic ramp flow and DNS of hy-
personic reacting flow have been presented. The
current research activities will continue at the
A ehrstuhl fir Aerodynamik” to investigate su-
personic and hypersonic transitional flows with

The differences between ideal gas and chemicafitate of the art, high-performance numerical
reacting flow in the disturbance development imethods to gain detailed insight into these flows
presented in Fig. 4. The linear disturbance am¢hich are important for future generation aircraft
plitude for the three-dimensional disturbance &nd re-entry vehicles.
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