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The current status of basic research in hypersonic turbulent flows is reviewed. We
consider free shear layers, boundary layers, internal flows and shock-wave boundary layer
interactions, and discuss experiments as well as computations, including DNS, LES, RANS
and RANS-LES hybrid approaches. Important research challenges in external and internal
hypersonic flows are identified and some possible future directions are explored. Some
recent experimental and computational contributions are summarized.
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I. Introduction

Here, we discuss the current status of basic research in hypersonic turbulent flows. We consider free
shear layers, boundary layers, internal flows and shock-wave boundary layer interactions, and we will discuss
experiments as well as computations, including DNS, LES and RANS approaches.

To help frame the discussion, it is helpful to consider what we mean when we describe a flow as being
hypersonic. According to Anderson, P. L. Roe, in a lecture at the von Karmén Institute, Belgium, in
January 1970, commented that

Almost everyone has their own definition of the term hypersonic. If we were to conduct something
like a public opinion poll among those present, and asked everyone to name a Mach number above
which the flow of a gas should properly be described as hypersonic there would be a majority
of answers round about five or six, but it would be quite possible for someone to advocate, and
defend, numbers as small as three, or as high as 12.

Anderson goes on to list some of the distinguishing features of hypersonic flows, including thin shock layers,
entropy layers, viscous interactions (essentially displacement effects), high temperature effects, and low
density effects (Knudsen number effects). Figure 1 indicates where these effects may become important in
the flow over a hypersonic airplane, and a similar figure could be drawn for a re-entry vehicle (which are
shaped more like a bluff body), with the added complexity that the gas chemistry may be very different
from that of air (Mars, for example, has an atmosphere that is 95% COs).

We are concerned only with turbulent flows, and so a number of these distinguishing characteristics are
not of primary concern. For example, gas dynamics questions such as the stand-off distance for a shock in
a high Mach number flow, a parameter that depends crucially on the gas chemistry, will not be addressed
here. Neither will laminar flows, nor transition to turbulence. We will, however, consider high temperature
effects, as well as effects originating in the surface conditions such as roughness, ablation, gas injection, and
wall cooling. While chemical reactions are not considered, hypersonic internal flow mixing issues including
the general effects of heat release will be discussed.
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Figure 1. Physical effects characteristic of hypersonic flow.4
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II. Background

At high Mach number, kinetic energy dissipation by friction in shear layers and by strong shocks create
very high temperatures. For air, temperatures in excess of 800K will produce vibrational excitation, and the
specific heats Cp, and C, will become functions of temperature, which will reduce the gas temperature below
the perfect gas values. At higher temperatures, chemical reactions will occur, and C}, and C, will become
functions of temperature and pressure. Dissociation becomes important for O5 at about 2000K, and for Ny
above 4000K (at 1 atm), and for temperatures > 9000K, ionization of N and O will become important. This
chemistry will be very much more complicated in the case of, say, the Martian atmosphere, and, furthermore,
ablation products may be present if an ablative heat shield is used. Strong aerodynamic heating in boundary
layers leads to high heat transfer rates to the surface, and this aspect is one of the most important design
considerations on hypersonic vehicles and propulsion systems. There are two principal contributions to the
surface heat flux: convective heating ¢. caused by energy dissipation in the boundary layer due to friction,
and radiative heating qgr, which is especially important for important for re-entry configurations. Thermal
protection systems (TPS) are a crucial feature of all hypersonic vehicles, well illustrated by the insulating
tiles used on the space shuttle and the heat shields used on re-entry vehicles. For sustained operation at
high Mach numbers, the wall must be cooled to avoid materials failure. This may be achieved by circulating
cooling liquids and gases through the structure supporting the surface itself, or by gas injection. For example,
helium is injected into the upstream flow to cool missile and interceptor windows. The gas injection may
occur through a slot, where the interaction of the slot jet with the incoming boundary layer is of great
interest, or through a porous material, where roughness may become an important factor.

The internal flow Mach number in a hypersonic propulsion device (inlet, isolator, combustor and nozzle)
is significantly smaller than the flight Mach number. Nevertheless, along the flow-path the velocity field is
subject to various complicating influences such as: compressibility effects (e.g., shock-trains, shock-turbulence
and shock-boundary layer interactions), and streamline curvature — in inlet; adverse pressure gradient and
separation — in isolator; and mixing and heat release — in combustor. The presence of secondary flows in
inlets can profoundly change the mixing (or more accurately, stirring) process. Further, in the combustor,
flame-holding strategies seek to increase the residence time for enhancing mixing by introducing recirculation
zones into the flow. As is now well recognized, compressibility significantly reduces the mixing efficiency of a
turbulent field as quantified by the so-called Langley curve. Thus, compressibility and other effects further
exacerbate the already complex flow environment in hypersonic devices. However, our ability to model these
phenomena is inadequate due to incomplete understanding of the underlying physical processes.

Within these restrictions, we will now attempt to summarize the current status of research in turbulent
hypersonic flows. As we will quickly show, the experimental database for turbulence at Mach numbers greater
than 5 is extremely limited. It is also almost exclusively confined to flows of perfect gases, and although it is
obvious that this immediately limits the scope of our work, we can only report on progress made in the basic
study of turbulence at very high speed and very little can be said on the effects of chemistry on turbulence,
except in the simplest of ways.

As to computations, it is clear that considerable progress has already been made in DNS of hypersonic
turbulent flows, and the pace of progress is accelerating. Because many high Mach number flow applications
are at low Reynolds number, DNS is particularly useful for fundamental studies. Questions of accuracy are
being resolved, and with the rapid increase in computer resources even complex shock wave boundary layer
interactions can be simulated now or in the near future. In terms of reacting flows, the primary limitations
for computations are set by the details of the chemical kinetics, in terms of the number of species and
reactions contained in the model, and the uncertainty in the rate constants that need to be specified. This
may well prove to be an important limitation in further simulation progress. For production and design
codes, turbulence models need to be developed for high Mach number applications. In a later section, we
will describe an heirarchical suite of closure models of different degrees of sophistication that may be needed
to address the various scientific and technological issues.

III. Experimental Database

Here, we will be concerned with the status of current experimental research on the behavior of turbulent
boundary layers at high Mach number. To provide a fuller picture, we will describe some of the general
features of the hypersonic turbulent boundary layer, consider some high-quality data sets available on the
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surface parameters such as wall pressure, skin friction and heat transfer, as well as the mean flow. With
respect to the turbulence itself, we describe all of the past and current efforts to obtain such data, or at least
all those known to the present authors.

To illustrate the strong gradients within the hypersonic turbulent boundary layer, Figure 2 shows the
data of Watson et al.''® taken in an adiabatic helium flow at Mach 10.3. The temperature is seen to increase
by a factor of almost 33 between the freestream and the wall. Note that even at this high Mach number
helium behaves as a perfect gas.
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Figure 2. Profiles of temperature, velocity, and mass flow in a Mach 10.3 adiabatic boundary layer flow in
helium.'1® Figure taken from Fernholz & Finley.3°

Figure 2 was taken from AGARDograph 223 authored by Fernholz & Finley.?® This report was one of
a series of AGARDographs that critically assessed the experimental database on supersonic and hypersonic
turbulent flows,?283! and published the data sets that met their quality standards. In this respect, these
efforts did for high speed flows what Coles’s Rand report did for incompressible turbulent boundary layer
data.'* These data assessments were extended in 1991 to hypersonic interaction flows by Settles & Dodson,%®
and this collection was updated in 2006 by Roy & Blottner.”! Perhaps the most surprising aspect of this
update was that very few additional experiments had become available in the intervening 15 years.

We will briefly review these experiments, starting with zero pressure gradient turbulent boundary layers,
and then moving on to shock-wave boundary layer interactions. In each category, we will first consider
surface data (skin friction and heat transfer), then mean flow measurements, and then whatever turbulence
data may be available at this time. We will also take the opportunity to compare the data to predictions
using relatively standard turbulence models, where possible. This comparison relies heavily on the important
work by Roy & Blottner.%!

A. Zero pressure gradient boundary layers

Figure 3 compares skin friction distributions in zero pressure gradient flows at Mach 8 computed using
standard turbulence models and the Van Driest correlation, for flow over a flat plate and flow over a sharp
cone. The overall agreement in the fully turbulent part of the flow is within about +6%, which seems rather
encouraging except for the fact that no reliable experimental data are available for even these simple flows.

Figure 4 shows a similar comparison for the heat transfer distributions on a sharp cone at Mach 8. The
agreement among the different computations in the fully turbulent part of the flow is again within about
+6%, and they agree reasonably well with the experimental data where available, although the experiment
displays considerable scatter. It would seem that the prediction of heat transfer on a simple cone a this
Mach number is probably accurate to within about +10%.

One of the most important experiments in hypersonic turbulent flows was that performed at NASA
Ames.™ 7™ The flow developed on an axisymmetric body, so that it was free of side wall effects, although
there may be some residual history effects from the development over the ogive nose body. The upstream
boundary layer is representative of a zero pressure gradient Mach 7.2 flow. The mean velocity, shown in
Figure 5, follows the standard semi-logarithmic profile when transformed according to Van Driest, which
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Figure 3. Skin friction distributions in zero pressure gradient flows computed using standard turbulence
models and the Van Driest correlation. Left: Flat plate Mach 8 boundary layer flow in air. Right: Sharp cone
Mach 8 boundary layer flow in air. Figures taken from Roy & Blottner.%!
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Figure 4. Heat transfer distributions in sharp cone Mach 8 boundary layer flow in air computed using standard
turbulence models and the Van Driest correlation. Left: Laminar-turbulent transition. Right: Detailed view
of the turbulent regime. Data from Kimmel.?8 59 Figures taken from Roy & Blottner.%!

takes account of the density changes across the boundary layer. A similar profile, at the same Mach number,
was measured by Baumgartner,” and support the notion that the scaling laws for the mean flow are essentially
independent of Mach number. In addition, McGinley et al. ?? reports data for the mass flux fluctuations
obtained using a hot wire in a Mach 11 turbulent boundary layer. These data appear to show the expected
level of intermittency in the outer layer, in contrast to the Owen et al. data. Since hot wires measure
mass flux intensities and not velocity correlations, deriving the stresses from both sets of measurements
requires the use the Strong Reynolds Analogy (see Smits & Dussauge, 2005). Since the validity of the Strong
Reynolds Analogy has not been established at hypersonic Mach numbers, the comparison with velocity data
are consequently somewhat difficult.

The most important aspect of this experiment, however, is that two-component turbulence measurements
were made using hot wire anemometry. These data are, as far as the authors are aware, the only measure-
ments of the turbulent stresses ever made at Mach numbers greater than 5. Some representative results
are shown in Figure 6. The figures include data taken downstream of two different reflected shock wave
interactions produced by external, axisymmetric shock generators — an attached interaction generated by
a 7° wedge, and a separated interaction generated by a 15° wedge.

As to the structure of the turbulence, some very useful information can be obtained by non-intrusive
techniques such as Filtered Rayleigh Scattering (FRS). Some visualizations in a vertical slice through the
incoming boundary layer using FRS are shown in Figure 7. Regions of cold freestream fluid appear as bright
regions, and the regions of turbulent hot fluid appear dark. Deep incursions of freestream fluid can be seen
in the near-wall image and turbulent bulges are seen to extend well beyond the mean boundary layer edge
in the images taken in the outer layer.

From the FRS images, we can investigate the intermittency, mean structure angles and mean length
scales. The intermittency was determined by applying a simple threshold to the grayscale values, and the
results are shown in Figure 8. Within experimental error, there is no discernible difference between this
supersonic boundary layer and the profile derived for subsonic boundary layers. This result throws some
considerable doubt on the accuracy of the hot-wre measurements by Owen et al. described earlier, in that
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Figure 6. Hot-wire shear stress measurements in a Mach 7.2 reflected shock wave boundary layer interaction.
Left: 7° interaction (attached flow). Right: 15° interaction (separated flow). Data from Owen & Horstman?7-7°
and Mikulla & Horstman.”4

their intermittency profile (derived from the flatness data) show a strong MAch number influence which is
absent from the data shown here. As to the mean structure angles, the data compare favorably with the
hot-wire data of Spina et al.'% (Ma = 2.9, Rey ~ 80,000), as well as subsonic data.

In brief, the behavior of zero pressure gradient hypersonic turbulent boundary layers appears to follow
the subsonic and supersonic data very well. There are still some remaining questions, which include the
integral scale behavior, the behavior of the shear stress correlation R,, behavior, the accuracy of the Strong
Reynolds Analogy at high Mach number, the growing influence of pressure fluctuations at high Mach number,
and the effects of heat transfer on the turbulence itself. These issues are discussed in more detail by Smits
& Dussauge,'% and will not be repeated here, except to point out the sharp decrease in the integral scale
with Mach number, shown in Figure 9, which mirrors the Langley curve in many respects.

B. Perturbed boundary layers

In the aerodynamic design of high-speed vehicles, for example, it is necessary to understand and predict with
specified accuracy the behavior of turbulence in complex geometries and with complex boundary conditions.
It is not surprising therefore that considerable work has been performed to study the effects of perturbations
or distortions on the behavior of turbulent boundary layers in high-speed flows, including the effects of
pressure gradients, extra strain rates such as streamline curvature, divergence, and dilatation, and the
interaction with shock waves. Extensive reviews of this body of work are available.29731:101.106 - AJpost all
of the relevant work is experimental in nature, however, because engineering computations cannot provide
much insight by themselves, and examples of DNS for perturbed boundary layers in high-speed flow are thus
far confined to shock wave-boundary layer interactions.?:85 117 In this section, we are interested in practical
issues such as wall transpiration for cooling or fuel injection, and the associated effects of wall roughness and
step changes in heat transfer. To expand the data set available for modeling and code validation, we need to
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Figure 7. Filtered Rayleigh scattering images of a flat plate boundary layer at Mach 8. Flow is from left to
right. The bottom edge of each image corresponds to the plate location. From Bookey et al.?
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Figure 8. Intermittency profiles deduced from Filtered Rayleigh scattering images of a flat plate boundary
layer at Mach 8. From Bookey et al.?

understand better the effects of gas injection and gas transpiration in transitional and turbulent boundary
layers under supersonic and hypersonic conditions.

To illustrate the need for this type of data, previous experiments on perturbed high-speed boundary
layers have documented the general features of the mean flow behavior, but there are only a few studies
where extensive turbulence measurements have been made (excluding shock-wave boundary layer interac-
tions), most of them quite recently. As indicated by Smits & Dussauge,'?* reliable and accurate turbulence
measurements are difficult to make in any supersonic flow, and the difficulties are usually more extreme in
the presence of flow distortions and at higher Mach numbers. The questions surrounding the measurements
of intermittency using hot wire anemometry in a Mach 7.2 flow has already been discussed. Similarly, many
of the experiments that are available were obtained at high Reynolds numbers, and are therefore unsuitable
for comparison with DNS. Recent work® 8286 has shown conclusively that comparisons between DNS and
experiment can only be made at the same Reynolds number: comparing high Reynolds number experiments
to low Reynolds number DNS or LES will inevitably lead to incorrect conclusions.

We consider the effects of transpiration from the particular point of view of its effect on the turbulence
structure. Recent work by Zhong & Brown!2%:!2! has given considerable insight on the heat transfer modifi-
cations produced by multi-hole cooling of an integrally woven ceramic matrix composite wall. Experiments
were performed on the dependence on blowing ratio and the spatial variation in cooling effectiveness, and
velocity and temperature profiles were obtained. In Zhong & Brown,'2! DNS calculations of the primary
turbulent flow, the backside flow and the flow in the injection holes were coupled by solving the 3-D heat
conduction equation for the wall. The cooling effectiveness predicted by the 3-D model was compared with
experimental results at the same Reynolds number with a turbulent boundary layer and satisfactory agree-
ment was achieved. Here, we are more concerned with the interaction of the turbulence with transpiration,
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and, as shown by Auvity et al.,> low momentum sonic helium injection through a transverse slot in a hy-
personic boundary layer significantly affects the boundary layer downstream of the injection point, greatly
increasing its spanwise organization.

The study was motivated by the suggestion that hydrogen fuel for a hypersonic vehicle could be transpired
into the boundary layer upstream of the engine to promote early mixing, which could then be mixed on a
larger scale at entry to the engine by the highly vortical nature of the three-dimensional structure of the
shock-wave boundary-layer interactions in the inlet. Helium was used in the experiments as a surrogate for
hydrogen fuel.

The boundary layer structure was visualized in three orthogonal planes using FRS. Sequential images of
the boundary layer were obtained using a MHz imaging system and employed to construct three-dimensional
representations of the instantaneous boundary layer behavior. As shown in Figure 10, in the case where
helium was injected in a transitional boundary layer, the boundary layer consists of a spanwise succession of
crests, characteristic of increased boundary layer thickness, and troughs, characteristic of increased incursions
of free-stream fluid. Here J is the ratio of the momentum of the injected flow compared to the freestream
flow. The positions of the crests and troughs were found to be stable for injection rates ranging from J = 0.09
to J = 0.15. It was postulated that this structure was due to the existence of streamwise vortices in the
boundary layer created near the injection point.

In the case where helium was injected in a fully turbulent boundary layer, a similar organization of
the boundary layer was observed for the same range of J, although it was generally less pronounced. For
all conditions considered by Auvity et al.,> it was shown that pre-existing variations in the boundary layer
upstream of the injection slot affected the spanwise structure of the jet by fixing the position of the streamwise
organization induced by helium injection. An attempt was made to decrease their influence by using a trip
wire but a similar organization of the boundary layer was obtained downstream of the injection slot once
the streamwise length of the injection slot was increased from 1 to 3 mm. Another gas, nitrogen, was tested
under the same flow and the same injection conditions and no organized structure, as seen with helium
injection was revealed.

Current work at Princeton supported by NASA is extending this work to study distributed transpiration
(and roughness), using a similar multi-hole insert as tested by Zhong & Brown!2%12! in incompressible
flow. The measurement techniques include PIV and thermography. Early progress is reported by.”® The
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Figure 10. Planform views of the boundary layer at y = 0.755 of a Mach 7.2 transitional boundary layer using
Filtered Rayleigh Scattering to make density structures visible in a plane: (a) without helium injection; (b)
with helium injection, J = 0.13; (¢) J = 0.16. The flow is from left to right, and the slot used for gas injection
is shown at left of each image. From Auvity et al.®

principal objective is to document the change in turbulence structure with increasing levels of roughness and
transpiration, and to determine its connection to the changes in heat transfer and surface temperature. The
study will include helium injection to investigate whether the strong degree of three-dimensionality observed
with slot injection persists in the distributed transpiration regime.

C. Shock wave boundary layer interactions

Our present ability to predict the surface response in hypersonic shock wave boundary layer interactions
is well illustrated by the results shown in Figure 11 for the flow in a 34° compression ramp interaction at
Mach 9.2. Whereas the pressure distribution is captured with reasonable accuracy, the heat transfer rate
within the interaction region is highly unreliable, with the predictions giving values that are from 2 to 5
times higher than those found in the experiments.

£ T
Case 120 Compeossion Comor
Mach 92,34 303

Q,Q.

Figure 11. Heat transfer distributions in a 34° compression ramp interaction at Mach 9.2 in air computed
using standard turbulence models. Left: Pressure distribution; data from Elfstrom.?® Right: Heat transfer
distribution; data from Coleman & Stollery.'® Figures taken from Roy & Blottner.%!

As to the behavior of the turbulence, the experiments by Horstman’s group at NASA -Ames on an
axisymmetric shock wave boundary layer interaction were described briefly in the previous section (see
Figure 6). The strong amplification of the turbulent stresses is clearly evident, with the peak levels exceeding
values that are 30 times higher than that seen in the upstream boundary layer. This behavior is as expected,
more or less, from similar data taken in supersonic flows,'%? although the accuracy of the hypersonic data is
probably somewhat in question.

Bookey et al.? presented FRS images of an 8° compression ramp shock wave boundary layer interaction
at Mach 8, and some representative images are shown in Figure 12. The strong distortion of the shock wave
by the turbulence is clearly evident, as is the highly unsteady nature of the interaction.

Bookey et al.” also studied a 10° sharp fin shock wave boundary layer interaction at Mach 8. The surface
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Figure 12. Filtered Rayleigh scattering images of an 8° compression ramp shock wave boundary layer inter-
action at Mach 8. Top four images are centered on the corner (images are 1.79 X 66p), and the bottom four
images are taken further downstream (images are 1.85) x 6.50p). Flow is from left to right. From Bookey et al.®

flow visualization of this highly three-dimensional swept shock interaction is shown in Figure 13, and FRS
images of the instantaneous turbulence, in two planes normal to the swept shock are shown in Figure 14.
The unsteady and turbulent nature of the interaction is obvious, as are the challenges for prediction.

Figure 13. Surface oil flow visualization of a 10° sharp fin shock wave boundary layer interaction at Mach 8.
Flow is from left to right. From Bookey et al.®

There is a decided lack of quantitative data for hypersonic turbulent flows. The evidence shows that the
Achilles heel of our understanding is heat transfer. Well-focused experiments and computations, especially
direct numerical simulations, are necessary before we can hope to improve our current level of confidence
in any predictive scheme. Studies of adiabatic flows are necessary, but for hypersonic flows, adiabatic wall
conditions are not representative of flight, where T, is typically much less than 7;.. The usual Reynolds
Analogy gives 2C},/Cy = s (0.9 < s < 1.3), but this proportionality breaks down in all perturbed flows,
and current models cannot reproduce the observed behavior. The present data base is restricted to ideal
gas flows (no chemistry, constant specific heats), and the effects of surface roughness, ablation, chemical
reactions, real gases, and body rotation are not adequately addressed by the existing experimental database.
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Figure 14. Filtered Rayleigh scattering images of a 10° sharp fin shock wave boundary layer interaction at
Mach 8. Left images are at z = 21 mm (1.9§p) from the fin (images are 3dp x 6dp). Right images are at z = 32
mm (2.75p) from the fin (images are 2.95p x 7.109). The wall location coincides with the bottom of each image.
Flow is from left to right. From Bookey et al.?
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Figure 15. Range of Rey and §T for representative boundary layer conditions that are run in the Mach 3 and
Mach 8 wind tunnels of the Princeton Forrestal Campus Gas Dynamics Laboratory.

IV. Direct Numerical Simulations

Recent advances in numerical and experimental techniques allow for detailed four-dimensional, in space
and time, flow field data acquisition. Direct numerical simulations make possible the computation of turbu-
lent boundary layers at supersonic and hypersonic Mach numbers (Guarini;*” Martin;%® Martin;”® Pirozzoli
& Grasso;®° Xu & Martin;''® Ringuette, Wu & Martin®7) as well as the interaction of turbulence with strong,
unsteady shock waves (Adams;! Pirozzoli & Grasso;® Wu & Martin;!'” Wu & Martin;'*® Taylor, Grube &
Martin!o7).

The size of the domain and number of grid points required to compute a flow condition can be determined
by 67 = §/z,. Figure 15 plots the Reynolds number based on momentum thickness, Reg, for two conditions
at Mach 8 and Mach 3. For a given %, Rey is significantly larger for the Mach 8 condition. From this
perspective, one can argue that 67 is a more meaningful parameter to describe the Reynolds number of
the flow. Although, one can also argue that accurately measuring the boundary layer thickness is difficult.
The Reynolds numbers for hypersonic applications are much lower than those for incompressible flows. If
we consider the designed peak heating conditions for Orion NASA crew exploration vehicle earth entry,
we find that §* for the attached boundary layer on the capsule is about 360.”> Performing DNS of the
boundary layer for these conditions, including the same chemical mechanism that is being used for design
calculations with 13 species, is not a challenge, and we are beginning to introduce radiation physics into the
DNS calculations. In the following subsections, we summarize how DNS are being validated and becoming
useful to gain insight into the flow physics and to develop phenomenological models and novel turbulence
modeling methodologies.

A. Validation of direct numerical simulation data

Studying physical phenomena via joint numerical and experimental databases requires controlled flow con-
ditions. This presents a challenge for numerical simulations, since turbulent flows are highly non-linear and
initialization procedures and simulation transients make the final flow conditions difficult to control and
costly to obtain if starting from a transitional boundary layer. Martin™ presented a local initialization
procedure that leads to short simulation transients with nearly realistic initial magnitude of turbulence fluc-
tuations, local turbulence structure and energy distribution. This procedure has been applied to initialize
turbulent boundary layers over a large range of Reynolds number and Mach numbers, and it has been shown
that the procedure leads to controlled flow conditions. The statistical content of the DNS boundary layer
data has been validated. Figure 16 presents an example of such validation.

The coherence of the structure in boundary layers is now widely accepted, and it is critical that DNS
data produce realistic physics. Theodorsen!?” postulated the existence of the hairpin vortex, a simple flow
structure that explains the formation of low-speed streamwise streaks and the ejection of near-wall low-
momentum fluid into higher-momentum regions farther from the wall. Head & Bandyopadhyay?® provided
experimental evidence of the streamwise stacking of individual hairpin vortices into larger structures, packets,
whose heads describe an envelope inclined at a 15° to 20° downstream angle. More recently, Adrian,
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Figure 16. Comparison between DNS at M = 2.32 and Rey = 4450 and experimental data (Elena et al., 1985;
Elena & Lacharme, 1988; Johnson & Rose, 1975; Robinson et al., 1983; Klebanoff, 1955). (a) Magnitude of
velocity fluctuations normalized with edge velocity; (b) Magnitude of velocity fluctuations normalized with
Morkovin’s scaling; (c) Normalized turbulent shear stress; (c) Intermittency factor. From Martin, 2007.

Meinhart, & Tomkins® proposed a hairpin packet model, where the hairpins in a packet align in the stream-
wise direction as observed by Head and Bandyopadhyay. Packets enclose regions of low momentum induced
by their heads and counter-rotating legs, and align themselves in the streamwise direction giving rise to
the low-momentum, very large-scale motions (VLSM) observed experimentally by Jiménez’* and Kim &
Adrian.%%

The current study of the turbulence structure in boundary layers has been confined largely to the subsonic
flow regime (Tomkins & Adrian;''! del Alamo & J iménez;'% Ganapathisubramani, Longmire & Marusic;*3 del
Alamo et al;'7 del Alamo et al.;'® Guala, Hommena & Adrian;*6 Hambleton, Hutchins & Marusic;*® Flores
et al.;*? Balakumar & Adrian;® Hutchins & Marusic®® and Hutchins & Marusic,”? for example). The study
of supersonic and hypersonic turbulent boundary layers has been primarily restricted to statistical analysis,
due to the lack of detailed flow field data. Fernholz & Finley;2? Fernholz & Finley;*° Spina et al.;!°® Smits
& Wood;' Fernholz;®! and Smits & Dussauge,'%* give reviews including the effects of pressure gradient,
streamline curvature and the interaction with shock waves in high-speed turbulent boundary layers. These
descriptions are statistical and some include qualitative flow visualizations. Structure information such as
convection velocity, angle, and length scale, has been obtained from space-time correlations (see,
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Figure 17. Top: An x-z slice showing a hairpin packet (flow from left to right). Contours show spanwise
vorticity and vectors give the in-plane velocity with 0.69U5 subtracted from u. The black boxes mark the
hairpin heads identified by their packet finding algorithm Bottom: The same hairpin packet is visualized in
three dimensions using an iso-surface of swirl strength'22 )\.; = 3.5\.;. The (z, z)-plane data from the top figure
are included at 50% translucency for reference. Portions of the packet hairpins not obscured by the reference
plane have been colored red. From Ringuette, Wu & Martin 2008.

Figure 18. Rake signal from boundary layer data in the logarithmic region visualizing superstructures. Con-
tours of velocity on streamwise-spanwise planes with x-axis reconstruction using Taylor’s hypothesis and with
convection velocity of about 0.76U~. Top: atmospheric boundary layer data from Hutchins & Marusic (2007).
Bottom: DNS data from Ringuette, Wu & Martin (2008) and Wu & Martin (2008) at Mach 3 adn Rey = 2300,
with windows showing the location where superstructures begin and end. Data are averaged in z = 46 intervals.
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Figure 19. Validation of DNS data of STBLI against experiemnts for a compression corner interactions with
incoming boundary layer at Mach 3 and Reg = 2400. (a) Mean wall-pressure distribution from DNS and
experimental data. Error bars at 5%. From Wu & Martin (2007). (b) Distributions of p/ ., < at low and high

Reynolds numbers, normalized by the local mean wall pressure, p,,. From Ringuette, Wu & Martin (2008b)
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Figure 20. Validation of DNS data of STBLI against experiemnts for a compression corner interactions with
incoming boundary layer at Mach 3 and Rey = 2400. Pre-multiplied energy spectral density of the wall pressure
signal at three different streamwise locations for the DNS (lines) and experiments of Ringuette & Smits (2007)
at matching conditions (symbols). The streamwise locations correspond to the incoming boundary layer, the
mean separation point, and the peak in the pﬁvyRMS curve, respectively. From Ringuette, Wu & Martin (2008b).

105 104)-

for example, Smits et al.,'°% Spina et al.,'°° and Smits & Dussauge The results indicate changes
in structure properties with both Mach and Reynolds numbers, such as a decrease in structure length with
increasing Mach number. Advanced particle-image-velocimetry techniques allow the temporal and spatial
characterization of experimental supersonic turbulent boundary layers and shock boundary layer interactions
(Schrijer, Scarano & van Oudheusden;!'*® van Oudheusden;''* Humble, Scarano & van Oudheusden!!?). Both
numerical®™ 17 and experimental®®35 data at supersonic Mach numbers have shown evidence of VLSM.
Figures 17 and 18 show the existence of hairpin packets and superstructures in DNS data.

The accuracy of DNS data and its validation against experiments has also been performed in the context
of shock and turbulent boundary layer interactions. Adams' performed the first DNS for an 18° compression
ramp flow at M = 3 and Rey = 1685. Due to the lack of experimental data at the same flow conditions,
at the time, Adams was not able to draw definite conclusions by comparing his DNS with higher Reynolds
number experiments.
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Figure 21. Model of organized structures in turbulent boundary Layers from Thomas & Bull (1983), after
Brown & Thomas (1977), as seen by an observer moving at 0.8Up.

Pirozzoli and Grasso®! carried out a DNS of a reflected STBLI at Mach 2.25 and Rey 3725 for a deflection
angle through the incident shock of 8.1° but experimental data is not available to validate this configuration.
Wu & Martin''” and Ringuette, Wu & Martin®” perform and validate the DNS of STBLI at Mach 3 and
Reg = 2300 against the experiments of Bookey et al.' and Ringuette & Smits®® at the same flow and
boundary conditions. Figures 19 and 20 plot the validation of the mean, RMS, and frequency content of the
wall pressure given by the DNS against the experimental data.

Issues of accuracy and feasibility are being resolved for the configurations described above and we can
begin to draw definite conclusions about the effects of Mach number and wall cooling on turbulence and their
impact on heat transfer and wall-pressure loading. However, the lack of experimental databases regarding
surface transpiration, wall-catalysis, ablation and real gas effects, make it difficult to validate phenomeno-
logical scaling relations, even as DNS data becomes available and scalings are proposed.

B. Insight from direct numerical simulation data

We are beginning to draw definite conclusions regarding high Mach number flow physics in turbulent wall-
bounded flows, and enabling flow analysis is important to reach that goal. In particular, studying the
flow structure can serve to validate statistical interpretations of the data. Brown & Thomas!! developed a
statistical analysis that allows for the calculation of the average inclination angle of packets and to quantify
the impact of a passing packet on the wall, i.e. the packet wall signature, which can be measured in terms
of pressure or wall-shear stress, see Figure 21. In a recent paper, Beekman et al.® present a set of analytical
tools to study turbulence structures and their wall signature in boundary layers with varying Mach number
and wall temperatures. In particular, they use a physically rooted geometric analysis to identify coherent
turbulence structures in boundary layer flows, and employ the statistical correlation analysis to validate
and interpret the geometrically identified structures and discriminate strong and dynamically dominant
structures, while quantifying their impact on the wall pressure loading and heat transfer. Figure 22 plots the
average packet velocity given by geometrically identified (strong, average and weak) packets. For reference,
the average convection velocity of strong packets given solely by the correlation analysis is also plotted, as
well as the mean velocity profile. The data suggest that the average geometric packet is representative of
strong statistical packets. Using these tools, Figure 23 shows the automatic tracking of a hairpin packet in
DNS data at Mach 3. Figure 24 plots two instantaneous realizations visualizing a hairpin packet in
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Figure 22. Mach 3 packet convection velocity profiles. The use of the ‘geometric events’ at the wall limit the
statistical correlation analysis to regions where ideal hairpin packets have been found, which correspond to
the first three legend entries. The convection velocity determined from the ‘strong’ Brown and Thomas (1977)
correlation is plotted as a square symbol and is quite close in magnitude to the ‘average’ geometric convection
velocity. From Beekman et al (2009).

Figure 23. Tracking hairpin packet in a Mach 3 boundary layer at Reyp = 2,390. A hairpin packet was identified
in 23(a) and highlighted in blue. All other vortices are shown in white and at 50% translucency. The packet
was then tracked through subsequent DNS frames. From O’Farrell & Martin (2009) and Beekman et al. (2009).

Mach 8 and its wall signature as given by the wall shear stress. The structure of this hairpin packet is cane
like, and there is a significant peak in the wall shear stress associated with the tail of the hairpin legs, as
hypothesized by Brown & Thomas'' and Thomas & Bull.''? Studying the effects of wall temperature and
Mach number is being useful in developing a greater understanding of the interaction between turbulence
and real gas effects. There are few studies of turbulence-chemistry interaction for hypersonic boundary
layers.55°68 These flows are significantly different from turbulent combustion flows. In hypersonic flows
the dominant chemical reactions are the dissociation and recombination of nitrogen or oxygen molecules.
The reactions have a high activation energy and the reaction rate is typically temperature limited. In
this case, small increases in the temperature result in large increases in reaction rate, which is contrasted
with non-premixed combustion flows where the fuel-oxidizer mixing rate determines the rate of product
formation and the reaction process is relatively insensitive to the temperature. Martin and Candler®* study
turbulence-chemistry interaction via direct numerical simulation of reacting isotropic turbulence. Their
results show that there is a positive feedback between the turbulence and exothermic reactions, and the
feedback occurs through the pressure-strain term. Jaberi et al.>® study the turbulence-chemistry interaction
in homogeneous decaying compressible turbulence. Their results show that the pressure-dilatation tends to
increase the turbulent kinetic energy when the reaction is exothermic. Depending on the flow conditions,
the competing effects in boundary layer flows may lead to different turbulence-chemistry interactions, either
dominated by exothermicity or by endothermic reactions. In this regard, we are just begining to interpret
the DNS data and to report our findings. Duan & Martin?® find that even when endothermic reactions are
dominant in a boundary layer, the heat removal by the reactions can affect the turbulence mixing and enhance
the turbulence production terms, see Fig.25. It has been shown that small temperature fluctuations have a
significant effect in the chemical composition in boundary layers.?%>67-68 Martin® and Martin & Candler5> 67
proposed a scaling for the temperature fluctuations, which in combination with the mean temperature, can
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Figure 24. Wall-shear-stress signature of a hairpin packet in DNS of Mach 8 and Reyp = 5100 boundary layer.
The top and middle part of the figure show the packet, visualized by an iso-surface of swirl (the threshold is
4.5)\.;). The top part of the figure shows a streamwise-spanwise plane, and the middle part shows a streamwise-
wall normal plane. The bottom part of the figure plots the wall-pressure along three different streamwise lines.
From Beekman et al. (2009). Left and right show two instantaneous realization during the autonomous tracking.

0.3

0.04

viscous diffusion
symbol: react

symbol: react
nonsymbol: nonreact

nonsymbol: nonreact
0.2 production
=

production viscous diffusion

pressure diffusion 0

pressure dilatation pressure diffusion

-0.1 transport
viscous dissipation viscous dissipation

202 [k pressure dilatation

-0.3
0

TN NN NI N TNVININ ITINTIR S IR SN N RAN M)
20 40 60 80 100 120 0.2 0.4 06 0.8

¢ z/5

Figure 25. Budget of the terms in the evolution equation for the turbulent kinetic energy from DNS data of
a reacting turbulent boundary layer at Mach 4 and Rey = 3020. From Duan & Martin (2009).

be used to compute accurate product formation. Yet, there are no experimental data to validate such scaling,
although it is currently used to assess the turbulence-chemistry interaction for practical design calculations.

Regarding shockwave and turbulent boundary layer interactions, we still have much to learn about the
mechanisms driving the low-frequency interaction, the effects of heat transfer and chemical reactions, and
the robust and accurate modeling of such flows for practical applications. . For example, the experimental
PIV data of Ganapathisubramani, Clemens & Dolling?® show that there is a strong correlation between
velocity fluctuations in the upstream boundary layer and the separation line surrogate. In contrast, Dussauge
et al.?! compile a survey of experimental data covering a range of STBLI configurations and a wide range
of Mach and Reynolds number conditions, and they find that the low-frequency of unsteadiness scales
with the downstream flow, in terms of the downstream separation length and the freestream velocity. The
same scaling also holds for the DNS data in a compression corner''® and a reflected shock case.®* We are
gathering additional DNS data samples to achieve converged statistics on the upstream and downstream
flow correlations. Such analysis will have a significant impact in out ability to understand the mechanisms
driving the shock interaction unsteadiness.

In addition, accurate DNS provide a powerful tool to assess and validate modeling methodologies and
phenomenological models. For example, Figure 27 plots DNS data of highly compressible isotropic turbu-
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Figure 26. Temperature fluctuation scaling in terms of mean flow variables from DNS data of a reacting
boundary layer at Mach 4 and Rey = 7000. From Martin & Candler (2001)

(a) (b)

Figure 27. DNS data of highly compressible isotropic turbulence interacting with shockwaves. (a) Decaying
isotropic turbulence at turbulent Mach number (M;o) of 1.5 and Reynolds (Re),) number based on Taylor
microscale of 50, density gradients show abundant number of strong shocklets. (b) Contours of normalized
density gradient |Vp|/(p) on instantaneous cross-section of DNS tested shock/isotropic-turbulence interaction
at M=2, Re)o, = 35, M{,=1,3. From Taylor, Grube & Martin (2007) and Taylor & Martin (2009).
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lence. These data are being used to develop robust turbulence modeling of flows involving strong shock
45
waves.

V. RANS-LES Closure-Modeling Suite for internal flows

For the forseeable future the design and development of hypersonic vehicles will depend on computations
employing turbulence closure models. In this section, we will discuss the recent developments in hypersonic
turbulence closure modeling and computational strategies in the context of internal flows.

Turbulence closure modeling is possible at various degrees of resolution — ranging from fine-grained
large eddy simulations (LES) to the coarse-grained Reynolds averaged Navier Stokes (RANS) methods. The
resolution and, hence, computational burden is the highest in LES and substantially lesser in RANS. However,
the onus on the closure model to accurately represent the physics of unresolved scale is highest in RANS and
least in LES: RANS closures are required to capture the physics incumbent in all scales of motion whereas LES
models are only called upon to dissipate the right amount of kinetic energy. Consequently, LES computations
employ simple algebraic closures and RANS computations may entail solving complex differential equations
to bring about the required closure. In general, LES computations are considered to be of higher fidelity
but at a very high computational cost with RANS offering more limited accuracy at a very manageable
computational effort. Recent times have witnessed the emergence of closure appoaches of intermediate
physical accuracy and computational effort. Examples of these variable resolution methods include detached
eddy simulations (DES), hybrid RANS-LES and bridging methods such as the Partially Averaged Navier-
Stokes (PANS) methods. These methods, based on accuracy on demand paradigm, are purported for any
degree of resolution between RANS and LES. As in any engineering application, the computational challenges
in hypersonic turbulence are to: develop closure models of high-fidelity; and choose the resolution-closure
combination to match the physics and fidelity needs. This requires a clear understanding of the flow challenges
as well as knowledge of model attributes. In the context of a typical hypersonic propulsion device, we will
next describe the various challenges and identify the closure strategy that provides the best balance between
computational burden and physical accuracy for each phenomenon.

The complicating physical phenomena encountered along the flow-path of a generic hypersonic device are:
shock-trains; shock-boundary layer interactions; fine- and large-scale turbulent mixing; shock/turbulence/
chemistry interactions; pre-mixed and non-premixed reaction zones; and species recombination. The appro-
priate physics/computation-method combinations are:

1. Intermediate resolution (bridging/hybrid) approach for large-scale shock-induced unsteadiness in inlet
and isolator.

2. Fine resolution (perhaps LES) for shock-turbulence interactions and small-scale mixing in fuel-injection
zone.

3. Fine resolution for premixed autoignition reaction zone.
4. Intermediate-resolution bridging approach for distributed and non-premixed combustion zones.
5. RANS for far-field and steady reagions of flow-path.

As mentioned earlier, we will not consider chemical kinetics reduction in this paper. Based on the foregoing
discussion, we can summarize the objectives of hypersonic turbulence closure modeling research for internal
flows as follows:

1. Develop a suite of closure models from RANS to LES to address the range of needs of reacting hyper-
sonic turbulent flows.

2. Integrate the development of closure models at different resolutions and devise strategies to seamlessly
blend the computations of different resolutions.

3. Verify and validate individual members of the closure suite in appropriate unit problems.
4. Validate the integrated suit in device size computations.

We will now describe some recent progress toward these goals from research perfomed under NASA NRA
and AFOSR funding at Texas A&M University.
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A. Outline of integrated model development

One possible strategy for integrated development of closure expressions for various levels of resolution is
shown schematically in Fig (28). In the shown approach, closure modeling is performed at the second
moment level to take advangate of well-developed turbulence theories and kinematic constraints. Detailed
discussions on how rapid distortion theory (RDT), fixed point analysis and realizability constraints can be
used to enhance second-moment closures are given in Girimaji et al.3?41:4%:92 The equations can be solved
at the second moment level, or if needed, they can be reduced to two-equation level using algebraic stress
modeling technique.3”38:40 Finally, the RANS two-equation model can be methodically adapted for bridging
(hybrid) method closures. This will be discussed further later. Model development from such an integrated
framework will lead to higher fidelity at all levels of closure and easier blending between regions of different
resolutions. Now we will identify some of the specific hypersonic turbulence modeling challenges at the

RANS level.

7-eqn. RANS

ARSM
reduction

2-eqn. RANS

Hybrid SGS
modeling

2-eqn. Hybrid

RANS LES DNS

Figure 28. Outline of the integrated model development approach.

In the Favre-averaged conservation equations, the second-order moments — Reynolds shear stress (7, 7; =
—pu; w; ), turbulent heat-flux (¢ = pe”u) and species-flux (JL, = pY,. u; pY,'u}) are the most important unclosed
terms. The roadmap for model transport equation development is reasonably well established for compress-
ible flows subject to rapid distortion.? We will start this discussion with the Reynolds stress transport
equation in a multi-species mixture:

Tiga + (WeT) | = —Tikge — Tjelie — uy (=B + i) + (P';“}/) + (Pl}“;/)
- Z [fb(n)zpu (n) + fon) gPU”Y(,,,L)]

TN "o "o 7 T
+ {(Puz wjuy) + (Tikuj + T )} +Tk“] kT T kuz k

1

For ease of discussion we will rewrite the Reynolds stress transport equation symbolically as:
Tiga + (@eTis) = Pij + iy — e + Ty + By

The terms on the right hand side are production, pressure-strain correlation, dissipation, turbulent diffusion
and body-force effect (if present). The transport equations of turbulent heat-flux and species-flux are similar

in form. Let F, generically referred to as scalar flux (F; = pqS* ) represent either turbulent heat flux q or
turbulent species flux J. The species sub-script is omltted for convenlence. The generic scalar flux evolution
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equation can be derived from the fluctuating mass (or energy) and momentum conservation equations:

dpdru N Dy pp*u
ot oxy,

), 9d; u 92 + 99" + "]
k oy, U, k Oy, paxj J

=p9 + T — €+ Cj

In above equation, the first two terms on the RHS constitute the production of scalar flux; the third term
represents the pressure-scalar gradient correlation; fourth term represents the chemical source of flux; 7}, D;,
and C; are transport, destruction-type and compressibility-related terms respectively. For ease of further
discussion, we will again write this equation symbolically as

Fi+ (ﬂsz)k =P +IL,—¢+T,+5;

where the various terms in the right hand side are scalar-flux production, pressure-correlation, dissipation
and turbulent transport /diffusion and chemical source term. The chemical source term in species equation
is due chemical conversion and in the temperature equation is due to heat release/absorption.

Key unclosed terms that need to be modeled in Reynolds stress and flux equations can be generically
identified as: pressure correlations, dissipation, turbulent diffusion and chemical source term. While most
of the following discussion may in the context of Reynolds stress modeling, all of the arguments are equally
applicable for scalar and temperature fluxes as well.

1. Pressure correlations. The pressure correlations can be subdivided into rapid and slow pressure
correlations. Much of the velocity field linear stability physics is incumbent in the rapid-pressure correlation
term. By making the rapid pressure-strain correlation closure consistent with rapid distortion theory (RDT),
some multi-point physics can be incorporated into the Reynolds stress model. To inculcate compressibility
physics, the rapid model must be made consistent with compressible RDT. The current rapid models are only
consistent with incompressible RDT (e.g., via Crow constraint), but not compressible RDT. In recent work,
we have demonstrated that the current models fail drastically when the flow is compressible as the wave
nature of pressure is not accurately replicated in incompressible models. Indeed, the stabilizing physics of
compressibility (as quantified in Langley curve) must come from the rapid pressure term.?® The behavior of
slow-pressure terms need further investigation, but they may not play a key role. Some preliminary results
indicate that the dilatational components may return to isotropy at acoustic timescale. In contrast, the
return to isotropy of solenoidal fluctuations proceeds at turbulence timescale.

2. Dissipation: For near-wall flows, it has been found that turbulence frequency equation is a better
choice than the dissipation equation. It is currently held belief that dilatational dissipation will not make
an important contribution. However, the source (production) term in the dissipation equation may have to
be modified to include pressure-dilatation energy transfer.

3. Turbulent diffusion of stress and fluxes: While gradient diffusion models have served us well, more
needs to be done. There may not be specific hypersonics related issues in this term but further investigations
are necessary.

4. Chemical source term: In scalar and heat flux equations, there will be a chemical source term due to
reactions. Modeling of this term as equally challenging in incompressible flows as in compressible flows. As
mentioned in the Introduction, we will not address this issue.

B. Pressure-strain closure modeling of compressibility effects

It has been shown in previous works'??® that rapid pressure-strain correlation plays a key role toward
reducing turbulent mixing in high-speed flows. Consequently, accurate closure modeling of rapid pressure-
strain correlation is vital for precise prediction of hypersonic flows. The best approach to incorporating
the correct rapid-pressure physics into closure models is to make them consistent with RDT at hypersonic
Mach numbers. In Figure 29, we show RDT calculations of kinetic energy evolution in a homogeneous shear
flow as a function of gradient Mach number. It is evident from the figure that at intermediate gradient
Mach numbers (1-6) the turbulent kinetic energy grows significantly slowly compared to the incompressible
case. However, at much higher Mach numbers, the kinetic energy grows more rapidly than at incompressible
Mach numbers. To explain the observed behavior, a recently concluded study suggest the existence of three
Mach number regimes of distinctly different pressure-strain correlation behavior.5? In the low Mach number
regime, the pressure-field is governed by the Poisson equation and the incompressible models describe the
physics adequately. In the high Mach number regime, the pressure effect is negligible rendering pressure-
strain correlation nearly zero. This permits efficient production of kinetic energy without the disruptive
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redistributive pressure-strain correlation effects experienced in incompressible flows. The physics in the
intermediate Mach number regime is quite different from either limiting case. Pressure evolves according
to wave equation and its effect is to block production. This leads to significant reduction in kinetic energy
growth. In summary, while important progress has been made in pressure-strain correlation modeling of
hypersonic flows, much more research is needed to develop high fidelity computational tools.

Mg, =144
Mg, =5.7
Mg, =23
Mg, =0.01

k/k

Figure 29. RDT homogeneous shear kinetic energy growth at various Mach numbers.

C. Variable viscosity/diffusivity effects on mechanical/scalar dissipation

One of the key features of hypersonic flows is that the fluid viscosity, diffusivity and other transport prop-
erties vary significantly in space and time due to viscous heating and chemical reactions. This raises a very
important question: How is Taylor’s postulate that dissipation is independent of viscosity affected by strong
spatial and temporal variations in viscosity? This postulate is central to much closure model development.
The validity of the postulate itself depends on the delicate balance between the inviscid generation of dis-
sipation and its viscous destruction. Invalidity of this postulate will entail the complete revamping of the
dissipation model equation in hypersonic flows. Such a total overhaul of the tried and tested equation can be
a very challenging task. Recently, it has been shown that this postulate is indeed valid even when viscosity
varies by a factor of five in a flow field.%3

On the scalar mixing side, the equivalent postulate is that scalar dissipation (which is a key mixing
feature) is independent of diffusivity. To verify the validity of this postulate, we perfom a 2563 decaying
turbulence DNS study similar to that done by Lee et al.%> The velocity field is initially homogeneous and
isotropic with a Taylor-scale Reynolds number of about 200. Two initially-segregated passive scalar fields
of identical density but diffusivity different by a factor five are resident in the velocity field as shown in
Figure 30. The low-diffusivity fluid occupies one half of the computational box and the high-diffusivity fluid
is resident in the other. Due to the nature of the initial conditions, the scalar dissipation in the two halves
is different by a factor of five. With passage of time the scalar fields mix in the decaying turbulent velocity
field. The spatial variation of plane-averaged diffusivity and scalar dissipation are shown in Figure 31 at
various times. The figure shows that within one-half eddy turn-over time, the scalar dissipation is nearly
uniform throughout the flow field, eventhough the diffusivity itself is a strong function of space. In Figure 32,
we show contours of scalar gradient magnitude and scalar dissipation at three different times. The contour
plots show that the scalar grdients become progressively weak in the high viscosity side when compared to
the low viscosity side. Yet, in keeping with Taylor’s postulate, the product of scalar-gradient squared and
diffusivity is constant across the flow field. The results clearly indicate that scalar equivalent of Taylor’s
postulate is valid even in the presence of strong diffusivity variations. This finding is crucial for closure
modeling hypersonic mixing phenomena.

D. Preliminary PANS bridging method results

While high-fidelity RANS may be quite adequate for many parts of the internal flow path, there will be
regions of flow, e.g., flame holding area, where unsteady effects and large scale coherent structures play a
dominant role. Moreover, the level of accuracy required in these regions may be higher as precise description
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Figure 30. Initial conditions of velocity (left) and diffusivity field (right) in variable diffusivity study. Wavenum-
ber k =1 to 16, Re) = 200.

(CASE 5 (Soaer Dinopition, Nomalaed) (o o hoes Y X

Figure 31. Line plots of diffusivity (left) and scalar gradient (right) as a function of space at different times.
Various times (normalized by eddy-turn-over time) are: 0.0, 0.09, 0.18, 0.27, 0.36 and 0.45. Initial condition
in both cases is a step function. Scalar dissipation smooths out very quickly validating Taylor’s postulate for
scalar fields.

of mixing, entrainment of air into the fuel stream and other phenomena that precede chemical reaction is
required. As a rule of thumb, accurate prediction of mixing requires a more precise description of velocity
field than needed for accurate calculation of aerodynamic quantities such as drag, lift etc. This is because
turbulent mixing involves all scales of motion, not just mean flow or the largest scales only. Imprecise
modeling of mixing can lead to very poor calculations of chemical reactions and heat release. For turbulent
mixing regions with inherent unsteadiness and large coherent structures, even the best RANS models (or
any one-point closure) are inherently inadequate and unreliable. Hybrid or bridging models such as the
Partially-Averaged Navier-Stokes (PANS) may be more appropriate.3 4461 The most important capability
of PANS is that it can compute a flow at different cut-off widths controlled by the fraction of unresolved
kinetic energy fr. This fraction must be in commensurate with computational resolution and the exact
relationship between the two can be found in the above literature.

Many flow internal and external flow computations using PANS can be found in literature listed above.
Here we will consider two preliminary computations of relevance to flame holding: 3-D driven cavity flow and
transverse diamond-jet injection into supersonic free stream at Mach number 5. In Figure 33 we compare
RANS and PANS calculations against experimental data for the case of 3-D driven cavity flow. These
simulations are performed using the commercial code FLUENT employing user defined functions (UDF's).
The mean stream-wise velocity at the symmetry plane is plotted as a function of cavity height. RANS model
produces reasonably good agreement although PANS predictions are much more accurate. It may appear
that RANS is adequate for engineering computations. However, to probe further, we present RANS and
PANS flow field vorticity iso-contours in Figure 34. This figure paints a completely different picture. The
small scale vortical structure that is crucial for scalar mixing is absent in the RANS computation. It is
clear that the mixing characteristics of unsteady RANS and PANS are completely different. For an accurate
account of mixing and flame-holding it is imperative that we resolve more scales of motion than RANS.
Our second sample calculation involves a cross flow jet exiting normally at Mach 1 from a diamond shaped
orifice into a Mach 5 freestream. The DES and PANS simulations are performed using the Cobalt flow
solver with PANS modifications added by James Forsythe at Cobalt Solutions, LLC. To compare the closure
modeling physics of DES against PANS, the DES and PANS (f; = 0.35) simulations are performed on the
same grid. A freestream boundary layer was specified at the inlet to match experimental conditions. No
symmetry planes were used to accommodate asymmetries in the flow domain. The injector port was also
modeled to account for losses. The total number of cells (hexahedrons) was approximately 10 million. The
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Figure 32. Contour plots of velocity gradients and dissipation at various times. Scalar gradients show sharp
spatial variations whereas the scalar dissipation is more uniform.

results from the DES and PANS (f; = 0.35 and 0.2) simulations are shown in Figure 35. The freestream
flow is from bottom left to top right. The images represent iso-surfaces of entropy at an identical scale. The
iso-surface is colored by temperature. The results show that the flow exhibits more structures when the
model is switched from DES to PANS (fr = 0.35). At fr = 0.20, even more structures are seen including the
shear layer vortices. The PANS results at Mach 5 and Mach 2 (results not shown) agree well qualitatively
with published experimental data. The importance of accurate bridging models are clearly evident from this
study.
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Figure 33. Cavity flow: RANS, LES and PANS (fk=0.2) comparison against experimental data.
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Figure 34. RANS and PANS vorticity contours
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Figure 35. DES and PANS simulations of jet in cross-stream.
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VI. Observations and Recommendations

We conclude in this section with some general observations followed by specific recommendations. The
general remarks are:

Increasing Mach number is generally coupled with decreasing Reynolds number. Such flows are perfect
for DNS (or high-resolution LES).

Canonical high Mach number experiments must be designed for DNS for mutual validation and en-
hancing knowledge of fundamental turbulence processes.

All efforts must be made to perform experiment and DNS/LES at the same Reynolds number.

We need to expand our interests to include: heat transfer, roughness, film cooling; ablation, wall
catalysis, pyrolysis, real gas effects, chemistry; curvature, pressure gradient, three-dimensionality.

Development of accurate high-speed high-enthalpy diagnostics are crucial for clearer understanding of
the physics and closure modeling development and validation. New diagnostics for turbulent stresses,
thermal fluxes, scalar fluxes and reaction processes are essential.

Hypersonic turbulence comprises of complex interactions between flow, thermodynamical and chemical
processes. The governing parameter range is rich and it is important that we understand the various effects
acting individually and collectively over a wide range of values. Some challenges and strategies for such a
wide-ranging study are now identified.

Effects of Reynolds number: At low Reynolds number, experiments should couple with DNS
to allow direct comparison; At high Reynolds number, experiments should help improve LES and
turbulence models

Effects of Mach number: At low Mach number we need to deal with extensive regions of mixed sub-
sonic and supersonic flow. At higher Mach number, true compressibility effects become apparent and
Reynolds Analogy for turbulence may break down.

Heat transfer effects: In equilibrium boundary layers, the velocity field is strongly coupled to the
surface heat transfer, for the mean and fluctuating quantities (Reynolds analogies). In flows out of
equilibrium, Reynolds analogies break down. In flows strongly out of equilibrium, the pressure field is
strongly coupled to the surface heat transfer for the mean and fluctuating quantities.

Effects of curvature: Boundary layer response depends on the sign of curvature, concave curvature
is stabilizing and concave is destabilizing. At subsonic speeds the criteria for the appearance of Taylor-
Gortler vortices are reasonably well understood. At supersonic speeds we have no clear guidance. The
unsteady nature of Taylor-Gortler vortices in turbulent flow is not well understood.

Effects of pressure gradient: In subsonic flows, the skin friction decreases with increasingly adverse
pressure gradient. In supersonic flows, the skin friction increases with increasingly adverse pressure
gradient. The skin friction (heat transfer) prediction depends strongly on the development of the
velocity profile and the location of the sonic line.

Other effects: Effects of impulsive changes in wall normal velocity, roughness, and heat transfer is
not well known.

Three-dimensional interactions: Single-sided interactions mimic fins and support problems, and
are reasonably well understood (scaling, structure). Crossing shock interactions are found in inlets,
and define downstream flow quality, mixing, and then combustion

Chemistry: Almost no experiments exist that allow verification of non-equilibrium effects, real gas
effects, catalysis, pyrolysis, ablation. There is even lesser turbulence data of such effects.

Some important lessons learned:
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e Diagnostics are crucial to everything — understanding, modeling, validation, etc. Time- and space-
resolved measurements are crucial. Identification of large-scale motions, so-called eddy chasing, is also
important for understanding key turbulence mechanisms.

e Nevertheless, simple, well-chosen diagnostics can reveal important information for enhancing our un-
drerstanding of the turbulence processes.

e Validated DNS can be an effective investigative tool at low Reynolds number.

e In the hypersonic regime, apparently simple flows (e.g., slot injection) can turn out to be surprisingly
complex.
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