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ABSTRACT

EXPERIMENTAL STUDY OF SHOCK WAVE INTERFERENCE
HEATING ON A CYLINDRICAL LEADING EDGE

Allan R. Wieting
Old Dominion University
Director: Dr. Robert L. Ash

An experimental study of shock wave interference heating on a cylindrical
leading edge representative of the cowl of a rectangular hypersonic engine
inlet at Mach numbers of 6.3, 6.5, and 8.0 is presented. Stream Reynolds
numbers ranged from 0.5 x 106 to 4.9 x 106 per foot and stream total
temperature ranged from 2100 °R to 3400 "R. The model consisted of a 3-inch-
diameter cylinder and a shock generation wedge articulated to angles of 10,
12.5, and 15 degrees. The primary goal of this study was to obtain a
fundamental understanding »f the fluid mechanics of shock wave interference
induced flow impingement on a cylindrical leading edge and the attendant
surface pressure and heat flux distributions. The study has provided the first
detailed heat transfer rate and pressure distributions for two-dimensional shock
wave interference on a cylinder along with insight into the effects of specific
heat variation with temperature on the phenomena. Results of the study show
that the flow around a body in hypersonic flow is altered significantly by the
shock wave interference pattern that is created by an oblique shock wave from
an external source intersecting the bow shock wave produced in front of the
body. The local heat transfer rates and pressures are amplified up to 10 times
the undisturbed free-stream stagnation point level. The intense heating and

high pressures occur over a narrow region where a flow disturbance from the
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interference pattern impinges on the surface. Variation in specific heats and
hence the ratio of specific heats with temperature (thermally perfect gas) result
in slightly lower peak pressures and heat transfer rates than for the

corresponding calorically perfect gas (specific heats are constant) conditions.
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Chapter 1
INTRODUCTION

1.1 Background

Shock wave interference heating is a critical problem in the design of the
thermal protection system and the load carrying structure of high speed
vehicles [1-4]" such as the Orient Express and Shuttle Il. Extremely high
pressures and intense heat transfer rates can occur in highly localized regions
because the shock wave induced interference flow pattern may impinge on the
surface. The shock impingement point will change as the flight envelope
changes. The extreme heat transfer rates that occur over this narrow
impingement region result in large temperature gradients and attendant thermal
stresses [5] which limit the useful life of structural components. The transient
nature of the shock wave interference phenomenon, the magnitude of the
pressure load and heat transfer rate, in addition to their gradients, place
extreme restrictions on the materials and thermal-structural concepts available
to the designer. For example, the heat transfer rates can be so intense that
the surface temperature will essentially undergo an instantaneous step change
as the impingement point moves, hence the materiai not oniy must have high
strength at temperature but good thermal shock characteristics. In addition, the
material needs high thermal conductivity to diffuse the thermal gradients and

relieve thermal stresses [6]. In addition, low thermal conductivity limits the

* Numbers in [ ] indicate references
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the transient nature of the shock wave interference phenomenon, make
thermal-structural concepts such as transpiration cooling complicated. In
transpiration cooling, the coolant ocozes from small pores in the surface to
provide a thermal barrier or heat sink for the hot external flow. The
effectiveness of these concepts is very sensitive to the ratio of the coolant mass
flow rate to the external mass flow rate, which is referred to as a blowing
parameter. When the blowing parameter is too low, there is insufficient cooling
or starvation (no coolant ejection) and if the blowing parameter is too large, the
boundary layer is forced away from the surface, which also reduces the cooling
effectiveness [8). Hence if the pressure distribution is not constant, then the
local surface pressure needs to be sensed to prevent injection of the coolant at
too high a pressure where the interference pattern is not impinging.

The peak pressures and heat transfer rates and distributions are sensitive
to Mach number, free-stream flow conditions, and shock strength [1-4]. Typical
areas of concern for hypersonic vehicles are wing, tail and engine cowl leading
edges, compression corners for inlets and control surfaces, and axial corners
created at wing/body and engine surface junctions.

An extensive suivey of the state of the art concerning various types of
interference flows was presented by Ryan [1] in 1969 and by Korkegi [2] in
1971. Recent literature has been sparse and is related mostly to the Space
Shuttle. The study by Keyes and Hains {3] is typical. In effect, there has been
a 10-year pause in research directed at hypersonic phenomena, and the two
surveys cited previously summarize the current state of knowledge. Readers
are referred to those surveys for further information, and the present work will
concentrate only on previous work which relates to this study. Important earlier
investigations of shock wave interference heating on leading edges are

discussed in the next section to place the present investigation in perspective.

2
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1.2 Review of Leading-Edge Shock Wave Interference Heating
Research

One of the most detailed studies of shock wave interference heating was
that of Edney [4] which covered the entire spectrum of shock wave interference
flow patterns on three basic models. The models testec were a 30-mm
diameter hemisphere/cylinder, a 30-mm diameter flat faced cylinder and a 30
degree half angle cone/cylinder with a 5-mm radius nose and a 30-mm
diameter base. The tests were at Mach numbers of 4.6 and 7.0; Reynolds
number ranged from 1.11 x 104 to 4.75 x 105 per cm; maximum stagnation
temperature was 350 K. Shock generator angles of -3, 0, 5, 10 and 15 degrees
were available.

Edney showed that the first step in understanding the effects of shock
wave impingement heating is to determine the interference pattern set up when
two shocks of different strengths intersect. When two shocks of different
strengths intersect, the streamline through the intersection point divides the
flow into two regions. The two regions have the same pressure and flow
direction immediately downstream of the intersection point. However, the
magnitude of the velocity, temperature, and density are different on either side
of the dividing streamline, which in fact is a shear layer or slip line. If the
strengths of the two intersecting shocks are known, it is generally quite simple to
determine the resulting shock interference pattern. However, in the present
investigation and for leading edges in general, the strength of only one shock is
known - that of the impinging shock. The strength of the bow shock ahead of

the leading edge is in general unknown, becauss it is altered by the impinging
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shock, and therefore depends on the strength and intersection point of the
impinging shock.

Edney was the first to clearly define and classify the six types of shock
wave interference patterns which can occur when an oblique shock wave
intersects with the bow shock ahead of a leading edge. Three of the
interference patterns (designated Types |, I, and V) result in shock-boundary-
layer interactions, one interference pattern (Type Ill) results in an attaching
shear layer interaction, and another interference pattern (Type VI) results in an
expansion-fan boundary-layer interaction. The interference pattern (Type V),
which produces the most intense surface heat transfer rate, is characterized by
an impinging or grazing supersonic jet interaction. As Edney showed, the
type of interference pattern is dependent on the shock strengths and their point
of intersection. In tumn, the increased pressure and heat transfer rates in the
surface impingement region are a result of one or more of the following
mechanisms: shock-boundary-layer interaction, free shear layer attachment,
supersonic jet impingement, and/or expansion fan interaction. Because a
thorough understanding of the physics of the shock wave interference patterns
is paramount to understanding the mechanism causing the increased pressure
and heat transfer rates, the next chapter is devoted to a description of each
interference pattern and the procedure Edney used to define the six types of
patterns.

Edney recognized that at hypersonic Mach numbers high temperature
effects (specific heat variation with temperature, gas dissociation, and
ionization) are important and cautioned against comparing results from high
enthalpy facilities with calorically perfect gas (constant specific heats) or "cold"
facilities of the type used in his research. He attempted to assess the high

temperature effects by performing calorically perfect gas calculations for a

4
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range of specific heat ratios and noted that significant increases in the peak
pressure and heat transfer rate occurred, and that the pressure and heat
transfer rate amplification ratios also increased. The amplification ratio of either
the local pressure or heat transfer rate is defined as the ratio of the highest
measured local value of either quantity to the stagnation point value that would
be measured on a model in an identical free stream without shock wave
interference effects. Edney's approach, however, does not yield quantitative
results and can be very misleading. High temperature effects of variable
specific heats and dissociation increase in importance as the speed regime
increases and will be discussed further in Chapter 2.

The most severe pressure and heat transfer conditions occur for Type IV
supersonic jet interference patterns, which result primarily when an oblique
shock wave intersects the nearly normal part of the bow shock wave ahead of a
blunt leading edge. The intersection results in further displacement of the bow
shock and the formation of a supersonic jet contained between two shear
layers and submerged within the subsonic shock layer. Edney showed that the
peak heat transfer rate is not only dependent on the peak pressure generated
by the impinging jet but aiso on the width of the jet and the angle with which the
jet impinges the surface. For a laminar interaction, the peak heat transfer rate
varies with the square root of the peak pressure, inversely with the square root
of the jet width, and with the sine of the angle between the surface normal and
the jet [4].

Studies to date on shock wave interference heating phenomena have
focused primarily on planar shock waves intersecting shock systems generated
by three-dimensional bodies or cylinders oriented transverse to the oblique
shock [9-12], which are representative of a wing or tail. This leaves a void for

the designer of two-dimensional hypersonic engine inlets that have planar

5
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shock waves from the inlet compression surfaces intersecting with the bow
shock wave from a cylindrical leading edge, which is oriented with its axis
parallel to the plane of the shock. Edney showed a schlieren photograph for a
"cylinder/wedge” configuration but neither gave sufficient details of the model
nor made comparisons between the pressures and heat transfer rates for this
configuration with the three-dimensional bodies tested.

The original work of Edney was exterded by Keyes and Hains [3] to
include a greater range of Mach numbers (6 to 20) and Reynolds number
(1 x 106 to 8.5 x 106 per foot) as well as specific heat ratios (1.27, 1.4, and
1.67) in four different facilities. The impinging shock wave was generated by a
wedge that could be articulated up to 30 degrees. The modeis consisted of
1-inch- and two-inch-diameter hemispheres, a 1-inch-diameter cylindrical
leading-edge fin, and a 30 degree wedge. Heat transfer rates were determined
using a phase change paint technique, which experienced distortion due to
lateral conduction effects and thus had an accuracy of +30 percent. Results of
the study indicated that the pressures and heat transfer rates were strongly
affected by Mach number, specific heat ratio, impinging shock strength, and
model geometry. They also concluded that high-temperature effects could yield
higher pressure and heat transfer rates than those measured in calorically
perfect gas wind tunnels and attempted to address this issue by testing in
different media to obtain different specific heat ratios. However, since the
specific heats are constant and the gas behavior is characterized by calorically
perfect gas relationships, this approach shows the effect of flight in that type of
atmosphere rather than the effects of temperature dependent specific heats or

dissociation.
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The only other research found that relates to the present study is that of
Craig and Ortwerth [13] in 1971. Their study was at Mach 15 in the Air Force
Applied Physics Laboratory Hypersonic Shock Tunnel, and was intended to
define the shock impingement pressures and heat transfer rates for a leading
edge that might be typical of a hypersonic inlet. The shock generator was
moved in an attempt to cover the range of interference patterns that could occur
on a cylindrical leading edge. The maximum heat transfer rate amplification
was less than 5, which was significantly less than the factor of 14 expected.
Pressure taps and thin film thermometers were placed at regular intervals along
the periphery of the 6-inch-diameter cylinder, yielding a spacing to diameter
ratio of 0.08. The spacing ratio is an important parameter since it indicates
how well the peak pressures and heat transfer rates can be resolved. Edney [4]
and Keyes and Hains [3] have shown the interference regions to be less than
6 percent of the body diameter. Hence the true peak loads from reference 13
are understandably low in terms of resolution of the peak levels. In addition,
Craig and Ortwerth moved their shock generator vertically in 1-inch increments,
which was too coarse to capture the maximum pressure and heat transfer rate
for each interference pattern. However, these are the only data which would
exhibit high temperature effects.

Several investigators have attempted analytical solutions of the shock flow
field. Edney [4] developed flow models and methods for calculating the flow
field for each type of interference pattern using oblique shock relations
coupled with the method of characteristics. Morris and Keyes [14] simplified
Edney's approach through the use of oblique shock and Prandtl-Meyer
expansion relationships to predict the interference patterns. The computer
programs developed in their effort are documented in reference 14. Both Edney

and Keyes and Hains report good agreement between their respective

7
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approaches and experimental resuits. However, both rely on experimental
measurements of the shock standoff distance and transmitted shock length.
Tannehill and Holst [15] have applied a two-dimensional Navier-Stokes
finite difference analysis in a simulation of Edney's spherical leading-edge
results with some success, but the central difference formulation could not
adequately capture the shocks at the high Reynolds numbers of the tests.
Modern techniques using more sophisticated shock capturing techniques and
adaptive unstructured grids should prove to be more reliable, but remain
unproven. Ongoing research supported by the Aerothermal Loads Branch at
the NASA Langley Research Center using finite element procedures has shown
promise for addressing the true flow conditions [16 and 17]. Applications of
inviscid finite element codes have demonstrated that the supersonic jet
interference pattern and pressure distributions for the Mach 6.5 and 8.0 data

presented herein are predicted accurately [18 and 19].

1.3 Purpose

The above discussion points out the need for further experiments to
determine shock wave interference effects on the pressure and heat transfer
rates on !eading edges. In particular, a unified set of experiments for a
cylindrical leading edge oriented with its axis parallel to the plane of the
impinging shock wave is needed for the design of cowl leading edges for
rectangular hypersonic engine inlets. Since advanced ramjet and supersonic
combustion ramjet (scramjet) engines will operate at Mach numbers of 3 to 25,
high temperature effects are extremely important. The present investigation
was designed to fill these gaps and also to provide data which are adequate for

the validation of numerical procedures. This paper presents the experimental
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results from tests in the NASA Langley 8-Foot High Temperature Tunnel
(8" HTT) at a Mach number of 6.5 and in the Calspan 48-Inch Hypersonic
Shock Tunnel (48" HST) at Mach numbers of 6.3 and 8.0.

The various shock wave interference patterns and high temperature effects
on the phenomenon are discussed in Chapter 2. A description of the
experimental apparatus and test facilities is given in Chapter 3. Schlieren
photographs of the interference patterns and the resulting pressure and heat
transfer rate distributions are presented in Chapter 4. The effects of shock
wave intersection point, impinging shock strength, Reynolds number, and Mach
number are presented in Chapters 5 and 6. The peak heat transfer rates are
correlated with the corresponding peak pressure in Chapter 7. The conclusions

of the study are presented in Chapter 8.
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Chapter 2
SHOCK WAVE INTERFERENCE PATTERNS

Edney (4] defined six types of shock wave interference patterns, all of which
can occur when an oblique shock wave intersects with the bow shock wave
ahead of the leading edge. The six patterns are shown in Fig. 1, which also
shows how the interference patterns change with the location of the oblique
impinging shock/bow shock intersection point. The leading-edge schematic in
the right center of the figure shows the approximate angular regions and the
interference classification (due to Edney) that will result when the oblique shock
wave intersects with the bow shock in that region. Each of the six interference
patterns or types is shown around the left periphery of the figure. Three of the
interference patterns (Types |, I, and V) result in shock-boundary-layer
interactions, while Type Ill results in an attaching shear layer, and Type VI
results in an expansion-fan boundary-layer interaction. Type IV is characterized
by an impinging or grazing supersonic jet. The interference patterns will be

described in more detail in subsequent sections.

2.1 Description of Interference Patterns

The following descriptions are intended to present the salient features of
each interference pattern and the mechanism that amplifies the local pressures
and heat transfer rates. The maximum pressure and heat transfer rates for a
leading edge in an undisturbed hypersonic flow occur at the stagnation point

where the incoming free-stream flow impinges perpendicular with the surface.
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When the undisturbed flow is disrupted by an oblique shock wave intersecting
the body bow shock wave, one of the six interference patterns occurs with the
attendant amplification of the local pressures and heat transfer rates. The local
pressures and heat transfer rates, in most cases, are so large that they are best
put into perspective when normalized with respect to the undisturbed stagnation
point pressure or heat transfer rate, which is herein referred to as an
amplification ratio. The details of the interference patterns are given quite

eloquently by Edney [4], and the reader is urged to read his work.

2.1.1 Type | Interference

A Type | interference pattern occurs when two weak shock waves of
opposite families intersect as shown in Fig. 1. These weak shocks can be
attached shocks generated by sharp slender bodies or parts of detached bow
shock waves located well downstream of the sonic point (point where the flow
behind the bow shock is equal to one). When two shocks of different strengths
intersect, the streamiine through the intersection point divides the flow into two
regions. The two regions have the same pressure and flow direction
immediately downstream of the intersection point. However, the magnitude of
the velocity, temperature, and density are different on either side of the dividing
streamline, which in fact is a shear layer or slip line. If the strengths of the two
intersecting shocks are known, it is generally quite simple to determine the
resulting shock interference pattem. The shear layer does not meet the surface
and, consequently, there is no amplification in the surface pressures and heat
transfer rates for this reason. Howsver, pressure and heat transfer rate
amplifications will be caused by the interaction of the transmitted shock wave
and the surface boundary layer. The degree of amplification will depend on the

strength of the transmitted shock wave and whether the strength is sufficient to
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cause the boundary layer to separate ahead of the impingement point and/or
cause the boundary layer to transition to turbulence.

Holden [20] observed that separation occurs first in the laminar sublayer.
The initial development of the separation takes place by an elongation of the
region in the laminar sublayer, with the separation and reattachment shocks
combining within the boundary layer to form a single shock wave. Surface
measurements with high frequency instrumentation (Holden [21] and Bogdonoff
[22]) indicated that turbulent separation regions were highly unsteady. Holden
[21] observed that the separation point would oscillate in a streamwise direction
with an amplitude of approximately one-fourth to one-third the local boundary-
layer thickness, at frequencies from 1 to 120 kHz. The unsteady character of the
turbulent interaction poses another concern for the structural designer. The
extremely large pressure gradients in the separated and reattachment regions
ensure that small pressure perturbations resulting from the shock boundary
layer interaction will be amplified, inducing large pressure changes in these
regions. The highest fluctuating pressure levels occurred in the reattachment
region, and were as large as 20 percent of the free-stream dynamic pressure
[20]. Holden [20] obtained a power spectrum from measurements in the
reattachment region that indicated that most of the energy was contained in the
low frequency end of the spectrum. Holden correlated the maximum pressure
and heat transfer rate in the separated interaction region with the relationship
Qp\Q, = (Py/P,)%-85 over the Mach number range from 2.4 to 13.

2.1.2 Type 1l Interference
A Type Il interference pattern occurs when two shock waves of opposite
families intersect as shown in Fig. 1. Both shocks are weak but of greater

strength than the Type | interaction. The strength of each is such that in order
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for the flows to tum, a Mach reflection must exist in the center of the interaction
with an embedded subsonic region located between the dividing shear layers.
On blunt bodies, this type of interference occurs when the impinging shock
wave intersects the bow shock wave just below the lower sonic point. The
extent of the subsonic region is dependent on the size and shape of the body
and hence is not amenable to simple shock wave theory. There are conditions
under which the shear layer can impinge on the body and thus result in large
pressure and heat transfer rate amplifications. This shear layer flow will be
discussed further in the section describing the Type lll interference pattem. The
Type Il interference pattern also results in a transmitted shock-boundary-layer

interaction as discussed in the section on Type | interference patterns.

2.1.3 Type Il Interference

A Type Il interference pattern occurs when a weak shock wave intersects a
strong shock wave (the flow behind a strong shock wave is subsonic) as shown
in Fig. 1. The flow in the region above the shear layer is subsonic and the fiow
between the shear layer and transmitted shock is supersonic. Depending on
the angle the shear layer makes with the tangent to the body surface, the shear
layer can be undeflected and attached to the surface. The supersonic flow is
deflected downward by the surface through an oblique shock wave, the strength
of which is dependent on the Mach number and flow deflection or tuming angle.
Pressure and heat transier rate amplification caused by the attaching shear
layer is analogous to a reattaching separated boundary layer [4]. The heating is
dependent on the Reynclds number (based on the shear layer length) of the
impinging flow. The state of the shear layer (laminar or turbulent) is a critical
parameter in determining the pressures and heat transfer rates. Chung and

Viegas [23] and Holden [24] developed analytical procedures for the prediction
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of the heat transfer in the reattachment region of a laminar shear layer. Nestler
[25] and Bushnell and Weinstein [26] developed semi-empirical relationships
for the prediction of the turbulent reattachment heat transfer rate. Markarian [27]
and Holden [20] have correlated the peak heat transfer rate with the peak

pressure rise.

2.1.4 Type IV Interference

A Type IV interference pattern occurs when a weak shock wave intersects
the nearly normal part of the bow shock wave between the two sonic points as
shown in Fig. 1. The resulting complex flow pattern is characterized by a
supersonic jet embedded in the subsonic flow between the bow shock and the
body. Detail of this flow interference pattern will be discussed in section 2.2,
Prediction of Type IV Interference Pattemns, since this pattern results in the most

severe pressure and heat transfer rates.

2.1.5 Type V Interference

A Type V interference pattern occurs when the impinging shock wave
intersects the bow shock wave just above the upper sonic point as shown in
Fig.1. Note that these shocks are of the same family. This pattern is analogous
to the Type i interference pattern already discussed. The main difference in
these two patterns is the formation of a supersonic jet instead of a simple shear
layer at the point of intersection. The jet is much thinner than the Type IV jet and
is generally indistinguishable from a shear layer. The shear layer and the jet
converge downstream and diffuse, but can impinge on the body far downstream
of the shock-boundary-layer impingement point. The comments on the
pressure and heat transfer rate amplifications for the Type | and |l patterns are

also relevant here.
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2.1.6 Type VI Interference

A Type Vl interference pattern occurs when two weak shocks of the same
family intersect far downstream of the upper sonic point as shown in Fig. 1. A
shear layer and an expansion fan are formed at the intersection point. The
expansion fan is required for the pressures to match on either side of the shear
layer. The expansion fan intersects the surface causing a decrease in the

pressure and heat transfer rate [4].

2.2 Prediction of Type IV Interference Patterns

The Type IV supersonic jet interference pattern occurs when an oblique
shock wave intersects the nearly normal part of the bow shock wave from a
blunt leading edge. The intersection results in further displacement of the bow
shock wave from its undisturbed flow position and the formation of a supersonic
jet contained by two shear layers. The jet is submerged within the subsonic
shock layer between the body and the bow shock wave. A jet bow shock wave
and a small stagnation region is created when the jet impinges nearly
perpendicular with the surface.

Two conditions must be satisfied downstream of the intersection of the two
shock waves; namely, the same pressure and flow direction must prevail on
either side of the dividing streamline or shear layer. The resulting flow
possibilities are most easily seen in terms of pressure rise and flow deflection
through a series of shock waves of increasing strength, relative to some
common starting point, such as the free stream. A pressure-deflection diagram
(so-called by Anderson [28] and called a heart diagram by Edney [4]) is

obtained by plotting the static pressure behind all possible oblique shocks as a
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function of flow-deflection angle, &, for a given upstream condition. Positive &
indicates the flow is deflected upward relative to the free stream and negative d
downward. At any point on the curve, the flow conditions behind the oblique
shock are defined uniquely. Hence, any point on the curve can serve as the
origin of another pressure deflection diagram defined by the local Mach number
and pressure at that point. Thus, sequences of pressure-deflection diagrams
can be linked through appropriate points of intersection. In that fashion, the
sequence of these diagrams can be constructed until the complete flow field is
defined. The process is illustrated in the discussion which follows for a Type IV
interference pattern for a thermally perfect gas. The interference pattern is
created when an oblique shock generated by a 10 degree wedge intersects the
bow shock wave ahead of a body.

The pressure-deflection diagram for a Type |V interference pattern is shown
in Fig. 2. The resulting Type IV interference pattern is shown in Fig. 3. The
pressure-deflection diagrams were generated using oblique shock
relationships coupled with relationships for the thermodynamic properties of
equilibrium air developed by Tannehill and Mugge [29]. The diagram is simiiar
to that for a calorically perfect gas, as shown by Edney [4], however, it is a
significant departure from the calorically perfect gas techniques used by Edney
[4] and Keyes and Hains {3]. The curve designated M; = 6.47 represents the
pressure rise and flow deflection angle across all possible oblique shock waves
for the free-stream (Mach 6.47) conditions. The point designated (1) represents
the free stream condition and the origin of the diagram. This curve and each
subsequent curve includes the maximum angle the flow can turn (upward or
downward) and the maximum or normal shock wave pressure rise at that Mach
number. Representative maxima are indicated on the figure. Note that §=0

indicates both flow over a flat plate (no pressure rise) and flow across a normal
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shock (maximum pressure rise). The solid line indicates the flow behind the
oblique shock wave is supersonic and the dashed line indicates the flow is
subsonic and the shock wave is detached from the surface.

First, the free-stream flow (My = 6.47) is deflected upward ten degrees
through an oblique shock wave created by the ten degree wedge. The
conditions behind this oblique shock wave, which eventually intersects the
cylinder bow shock wave, define the flow conditions in region 3 of the
interference pattern shown in Fig. 3. The Mach number in region 3, which is
4.786, defines the next pressure-deflection diagram designated M3 = 4.786.
The origin (labeled as point (3)) of the M3 diagram lies on the M1 diagram and
is defined by the ten degree flow deflection angle.

The next point of interest is the intersection of the oblique shock created by
the wedge and the bow shock wave created by the cylinder. The M; and M;
flows, which are separated by the oblique impinging shock wave, will undergo
an adjustment to flow around the clyinder. This adjustment will result in the M,
and Mg flows being turned through shocks of different stength to flow parallel to
each other and have the same pressure. This adjustment can occur only where
the respective pressure-deflection diagrams intersect. As shown in Fig. 2, there
are two possible solutions. The fiow in the subsonic region is sensitive to the
position of the body, hence if the intersection point is near the normal part of the
bow shock wave, at least part of the flow in region 3 must be tumed downward
to flow under the cyiinder. The intersection of the My and M3 curves designated
as point (2,4) defines the subsonic (My = 0.424) conditions in region 2 (flow
conditions defined by the M; diagram) and the supersonic (M4 = 2.197)
conditions in region 4 (flow condition defined by the My diagram). At this point
the flow from region 1 is turned downward 20.43 degrees and the flow from

region 3 is turned downward 30.43 degrees to flow parallel to the flow in region
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2. The flow in regions 2 and 4 are tumed downward 20.43 degrees relative to
region 1 and are separated by a shear layer as shown in Fig. 3. Note that no
information on the intersection point is required or given.

Next, the My = 2.197 pressure deflection diagram is constructed with its
origin at point (2,4). With the construction of the M4 diagram we have defined
the sequence of pressure-deflection diagrams which describe a Type Il
interference pattern. Whether the Type Il pattern will exist or not depends on
the location of the cylinder. A Type Ill pattern will exist if the flow in region 4
does not have to be turned more than its maximum turning angle of +28
degrees, which is given by the M4 diagram. Since the flow in region 4 is turned
down 20.43 degrees relative to the free stream and the flow can be turned an
additionai 28 degrees for a total of 48.43 degrees, a Type Il interference pattern
would form only if the region 4 flow impinged on the surface at a theta of -41.57
degrees (90° - 48.43°) below the horizontal centerline. We will see from the
data that this angle can be considerably smaller, as postulated by Edney [4]
(due to the formation of a lambda shock at the wall).

If the inclination of the model surface to the flow direction exceeds this angle
{28 degrees in this case), the flow cannot be deflected downward through a
single oblique shock, and a Type IV interference pattern occurs instead of a
Type i1l shear layer interference pattern. The intersection of the My and My
diagrams define the adjustment the flow must undergo and hence the formation
of the supersonic jet. The flow in region 5 is defined by the M diagram and has
a Mach number of 0.418. The flow in region 6 is defined by the M, diagram and
has a Mach number of 1.662. The flow from region 4 is turned upward 15.68
degrees (through a weak oblique shock wave) and the flow from region 3 is
turned downward 14.75 degrees (through a strong shock wave). The flow in

regions 5 and 6 is turned downward 4.75 degrees relative to the free stream
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flow in region 1. The subsonic flow in region 5 is separated from the supersonic
flow in region 6 by a shear layer as shown in Fig. 3.

At this point the supersonic jet (region 6), which separates two subsonic
regions 2 and 5, is formed. For ease of calculation of the rest of the supersonic
jet, the pressures in region 2 (P,) and region 5 (Pg) are assumed constant in the
subsonic flow along either side of the jet shear layers. The flow in the jet
undergoes a series of expansions and weak compressions. Morris and Keyes
[14] approximated the jet geometry in this region with the bisector of the
expansion fan, and therefore neglected the details of the intersection of the
expansion fan with the reflected compression waves. Hence, a single
compression wave is used to turn the flow. The latter procedure was used to
complete the jet interference pattern shown in Fig. 3.

The flow in region 6 must expand because the pressure in region 7 must
equal the pressure in region 2, since a shear layer separates them. The flow in
region 7 must then undergo compression so that the pressure in region 8 is
equal to the pressure in region 5. This process results in the requirement that
the conditions in all subsequent even numbered regions be the same.
Likewise, the odd numbered regions must have the same conditions.

The jet curls upward under the pressure differential (P5 - P4) and eventually
impacts the body through a detached shock wave. Depending on the
inclination of the jet to the body surface at the point of impact, the jet could be
divided into two separate upward and downward streams or deflected
completely upward.

Unfortunately, we are missing two critical pieces of information to determine
the impingement point on the surtace, namely the shock standoff point (A) and
the length of the transmitted shock (AB). (See Fig. 3.) For the purpose of this

discussion the shock standoff distance and the transmitted shock length were
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arbitrarily taken to be 1.2 inches and 0.48 inch, respectively. The shock standoff
distance is required to locate the body and hence the impingement point. The
length of the transmitted shock affects both the width of the jet and the location
of the impingement point.

Although relationships for the prediction of shock standoff distance and
transmitted shock length may be possible for simple shapes with one impinging
shock, they are not tractable for arbitrary shapes and intersections involving
more than one impinging shock. For this reason, computational fluid dynamics
techniques utilizing shock capturing procedures should be pursued in
analyzing this phenomenon. Since accurate resolution of the shock features
requires closely spaced gridding in the jet region and boundary layer, adaptive
grid capability is a necessity to make these solutions tractable. Although
intuition would lead one to this conclusion, preliminary calculations by Morgan,
Peraire, Thareja, and Stewart [18] and Wieting, Thareja, Stewart, and Morgan
[19] indicate the conclusion is indeed valid.

The pressure-deflection procedure described here can be used to define
any one of the interference patterns, and in fact, was the technique used by
Edney [4], which led to the first successful definition of the patterns and the

mechanisms which caused the increased pressure and heat transfer rates.

2.3 High Temperature Effects

At the high temperatures that exist behind strong shock waves in
hypervelocity flight, the thermal energy of the gas becomes comparable to the
energies associated with molecular and atomic processes, such as excitation of
the vibrational modes of the molecule, dissociation of the gas molecules, and

finally ionization. Under these conditions the gas may still be described by the
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physical chemistry definition of a perfect gas -- a gas in which intermolecular
forces are negligible and the volume of the molecules is small relative to the
volume of the gas. However, the gas is not calorically perfect as the specific
heats are no longer constant.

The two physical effects which cause a high-temperature gas to deviate
from calorically perfect gas behavior are vibrational excitation of the molecules
and chemical reactions. A molecule is a collection of atoms bound together by
an intramolecular force. The various modes of molecular energy can be easily
described using the simple "dumbbeil® model of a diatomic (two atom)
molecule. The spheres on the dumbbell represent the atoms and the rod
represents the intramolecular force bonding them together. Molecular energy
can be transiational, rotational, vibrational, and electronic. Translational energy
is a resuit of the molecule's motion through space. The source of the energy is
the translational kinetic energy of the molecule's center of mass. The source of
the rotational energy is the rotational kinetic energy associated with the
molecules rotational velocity and its moment of inertia about its center of mass.
There are two sources of vibrational energy: the kinetic energy of the linear
motion of the atoms as they vibrate back and forth about an equilibrium location
within the molecule, and the potential energy associated with the intramolecular
force (which can be visualized, as a spring). The electronic energy is a resuit of
the electron’'s motion about the nucleus of each atom. There are aliso two
sources of electronic energy: translational kinetic energy due to the electron's
motion throughout its orbit about the nucleus, and the potential energy due to its
location within the electromagnetic field of the nucleus. The total energy of the
molecule is the sum of the translational, rotational, vibrational, electronic energy
and its zero-point energy level. The zero-point energy is the molecular energy

at a temperature of absolute zero. The zero-point energy cannot be calculated
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or measured directly; hence we circumvent the need to know the absolute value
through formulations involving only the change in zero-point energy. The
change in zero-point energy is related to the heat of formation of the gas
species and can be measured or calculated.

At temperatures between 5 °R, and 1100 °R the translational and rotational
energy levels of the gas molecules are fully excited. In this range the specific
heats are constant and the gas behavior is described as calorically perfect. At
temperatures above 1100 °R, excitation of the vibrational energy mode of the
molecule begins but does not become fully excited until the temperature
reaches 3600 °R. In this temperature range the specific heats are a function of
temperature and the gas behavior is characterized as thermally perfect.
Excitation of the vibrational energy mode absorbs energy that would ordinarily
go into translational and rotational motion, which is an index of the gas
temperature. This reduces the equilibrium gas temperature below that for a
calorically perfect gas.

Further increases in temperature will bring forth the second major physical
high temperature effect -- chemical reactions. As the temperature is increased,
dissociation and ionization will take place absorbing even more of the energy
that would ordinarily go to the translational energy of the gas, hence further
decreasing the gas temperature below that for a calorically perfect gas. For air,
oxygen begins to dissociate at a temperature of 4500 °R and is almost
completely dissociated at a temperature of 7200 °R when nitrogen starts to
dissociate. Nitrogen is almost completely dissociated at a temperature of
16,000 °R when ionization of atomic oxygen and nitrogen begins. These gases
can often be described as a chemically reacting equilibrium mixture of perfect
gases. The gas is still perfect as long as intermolecular forces are negligible.

The specific heats are now a function of both temperature and pressure, and the
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specific gas constant is a variable because the molecular weight of the gas is a
variable in a reacting gas.

All vibrational and chemical processes take place by molecular collision
and/or radiative interactions. The previous discussion on equilibrium properties
assumed that enough time had elapsed to allow a sufficient number of
collisions to bring the gas into equilibrium. Approximately 20,000 collisions are
required for vibrational equilibrium and 200,000 tor chemical equilibrium [28].
During the time the gas is seeking its equilibrium state it is described as a
nonequilibrium gas and has nonequilibrium properties. The amount of time to
reach equilibrium depends on the molecular collision frequency, which is
directly proportional to the gas pressure and is inversely proportional to the
square root of the gas temperature. Therefore, the collision frequency is low at
low pressure and high temperatures and the relaxation time for gas
equilibration is large.

These nonequilibrium states can become important in high speed flow
across shock waves, where the pressure and temperature are rapidly increased
within the shock front. As the gas moves through the shock wave its equilibrium
vibrational and chemical properties will change. The gas will seek a new
equilibrium state, but requires molecular collisions and hence time. During this
time, the fluid element has moved a certain distance downstream of the shock
front. This distance is dependent on the gas velocity and the relaxation time.
Therefore, there is a region immediately behind the shock wave in which the
gas is in a nonequilibrium state. These nonequilibrium effects can be very
important, particularly for flow behind normal shocks in the vicinity of leading
edges. The shock wave thickness is on the order of several molecular mean
free path lengths (2.18 x 10-7 ft at sea level). Because of this thinness, the

molecules will experience only a few collisions and hence will traverse the
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shock in a frozen state. That is, the gas properties immediately behind the
shock are the same as they were immediately in front of the shock. Then, as the
fluid continues to move downstream, the flow properties relax toward their
equilibrium values. Because of the proximity of the leading edge to the shock
wave the gas may not be in equilibrium when it reaches the surface. For this
reason the pressure and heat transfer rate distributions may be significantly
different than those for an equilibrium gas.

Edney [4] and Keyes and Hains [3] postulated that high temperature effects
would increase the pressure and heat transfer rate amplification ratios
significantly over those observed in calorically perfect gas (constant specific
heats) flows. These conclusions were based on calorically perfect gas
calculations using constant but lower specific heat ratios to simulate the effect of
high temperatures on the specific heats. Likewise, tests have been conducted
[3] in facilities using different test media (tetraflucromethane or helium) but at
low temperatures, which yield calorit:ally perfect gas conditions at constant
specific heat ratios other than 1.4. Neither of these approaches adequately
simulate high temperature effects of variable specific heat, dissociation, and
ionization.

The present tests, at stagnation temperatures between 2100 °R and 3400 °R
should exhibit high temperature vibrational energy effects. Hence, the test
results should provide some insight into the difference between a calorically
and thermally perfect gas. The stagnation temperatures are not sufficient to
cause dissociation, hence dissociation will not be considered in the following
discussion.

The static pressure, temperature, and density in the free stream and across a
normal shock for Mach 6 flow of a thermally perfect gas are shown in Fig. 4 asa

function of the stream total temperature [30]. The free-stream conditions are
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normalized by the stream total conditions. The conditions behind the normal
shock (subscript 2) are normalized by the condition in front of the shock wave
(subscript 1). To show the effect of specific heat variation with temperature, the
thermally perfect gas conditions are normalized by the calorically perfect gas
condition. The solid curves indicate that, for the same reservoir or total
conditions, the thermally perfect gas expands to a lower static pressure and
density and to a higher static temperature than the calorically perfect gas.
Although the static conditions across a normal shock wave (shown by the
dashed curves) have the opposite trend, tria ratios are not as large, hence the
static conditions across a normal shock wave will be lower for the thermally
perfect gas. A comparison of the ratios at a temperature of 2100 °R (48" HST)
and 3400 °R (8' HTT) indicates significant differences in free stream (up to 30
percent ) and normal shock (up to 14 percent ) conditions. Hence, a difference
between the 48" HST and the 8' HTT data should be expected.

To illustrate this effect of temperature dependent specific heats on a Type IV
interference pattern, the results from the pressure-deflection diagrams of Fig. 2,
which were used to predict the Type iV interference pattern shown in Fig. 3 for a
thermally perfect gas in equilibrium (T = 3400 °R), will be compared to
calorically perfect gas predictions for the same reservoir conditions. The
calorically perfect gas computer code developed in reference 14 was used to
predict the calorically perfect gas interference pattern shown in Fig. 5.

A comparison of the static conditions in each region, which are given in
Table 1 for a thermally perfect gas and Table 2 for a calorically perfect gas,
indicates that the thermally perfect gas static and normal shock recovery
pressures are lower than the calorically perfect gas conditions. Therefore, we
should expect lower surface pressures and heat transfer rates than under

calorically perfect gas conditions. Small differences in the flow turning angles
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and compression and expansion wave angles between the thermally perfect
gas and calorically perfect gas flows result in an elongated and wider jet for the
thermally perfect gas case. The predicted jet widths, shown in Figs. 3 and 5, for
the thermally perfect gas are up to 16 percent wider than the calorically perfect
gas jet width. Since Edney showed that the peak heat transfer rate varied
inversely with the square root of the jet width, the thermally perfect gas
conditions will result in even lower heat transfer rates than those indicated by
the decrease in pressure. Of course, the elongation of the thermally perfect gas
jet will result in the body being exposed to different flow conditions, even if
everything else was fixed.

Predicted heat transfer rate (from Edney correlation to be discussed in
Chapters 6 and 7) and pressure amplifications for the jet impinging
perpendicular to the surface are given in the Tables 1 and 2. The predictions
indicate that the maximum pressure amplification is 13 percent lower than the
corresponding perfect gas amplification for the same flow condition (say region
8). Similarly, the maximum heat transfer rate amplification is 15 percent lower.
These trends will be evident in the comparison of the Mach 6 data from the
8' HTT tests at 3400 °R and the 48" HST test at 2100 °R discussed in Chapter 3.
Note that these trends are opposite to those indicated by using calorically
perfect gas relationships with reduced constant specific heat ratios.

Another factor not considered is that the shock standoff distance is different
for thermally perfect gas and calorically perfect gas conditions. The distance is
proportional to the density ratio across the shock wave, which differs by a factor
of two in this case. Schiieren data (to be discussed later) also indicate that the
transmitted shock length is different under these conditions. Hence, there are
many factors influencing the measured surface pressures and heat transfer

rates, which make it difficult to isolate any one effect at a time. Because of the
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inherent differences between data which exhibit thermally perfect gas effects
and other data from calorically perfect gas facilities, no comparison will be
made between these two-dimensional cylinder data and three-dimensional

sphere data of references 3 and 4.
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Chapter 3
DESCRIPTION OF THE EXPERIMENTS

3.1 The NASA Langley 8-Foot High Temperature Tunnel

The NASA Langley Research Center 8-Foot High Temperature Tunnel
(8" HTT), shown schematically in Fig. 6, is a hypersonic blowdown tunnel in
which the high energy level for simulating hypersonic flight is obtained by
burning methane and air in a high pressure combustor. The resuiting gaseous
combustion products are expanded through a conical contoured 8-foot exit
diameter nozzie to obtain a nominal Mach 7 flow in an enclosed 12-foot long
open-jet test section. Downstream of the test section, flow enters a straight tube
supersonic diffuser and is pumped to the atmosphere by a single stage annular
ejector. The facility is capable of simulating true temperature flight conditions
for altitudes from 80 to 120 kft for test times up to 120 seconds. The full range of
conditions is given in Fig. 6.

The 8' HTT is equipped with a hydraulically operated elevator to which the
model to be tested is mounted. The 15-ton elevator can raise or lower the
model 85 inches into or out of the hot test stream in 1.5 seconds. During tunnel
startup and shutdown, the model is held out ¢f the test stream to avoid the

severe loads associated with these transient flow conditions.
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Fig. 6. glASA Langley 8-Foot High Temperature Tunnel and performance
ata.

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.2 The Calspan 48-Inch Hypersonic Shock Tunnel

The Calspan 48-Inch Hypersonic Shock Tunnel (48" HST) is shown
schematically in Fig. 7. The tunnel is started by rupturing a double diaphragm
which permits the high pressure gas in the driver section to expand into the
driven section, and in so doing generates a normal shock wave which
propagates through the low pressure air. A region of hign-temperature, high-
pressure air is produceu cciween this normal shock front and the gas interface
between the driver and driven gas, often referred to as the contact surface.
When the primary or incident shock strikes the end of the driven section, it is
reflected, leaving a region of almost stationary high-pressure heated air. This
air is then expanded through a contoured nozzle to the test section.

The duration of the flow in the test section is controlled by the interactions
among the reflected shock, the interface, and the leading expansion wave
generated by the nonstationary expansion process in the driver section. Test
time varies from 5 to 15 milliseconds. The model is sting mounted in the test
section, and Mach number is varied by changing the nozzle throat diameter

and/or nozzle.

3.3 Test Models and Instrumentation

The test models consisted of 3-inch-diameter (0.50-inch thick), 24-inch
long cylinders made of 321 stainless steel and a sharp leading-edge shock
generator wedge. The 24-inch wide wedge could be articulated to angles of
10, 12.5, and 15 degrees relative to the free-stream flow. The shock generaior
and cylinder could be translated horizontally and vertically relative to each

other to obtain the desired shock intersection location, and thus the desired
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shock wave interference pattern. In addition, the cylinder could be rotated
about its axis to place the high density instrumentation in the impingement
region. The cylinder was mounted with its axis parallei to the plane of the shock
generator.

The model support structure for the two facilities differed. An all purpose
panel holder was used in the 8' HTT tests as shown in Fig. 8. The panel holder,
which weighs approximately two tons and is removed through the top of the test
section, was selected because it was in use for the previous test and would not
have to be removed, thus saving considerable installation time.

The original shock generator wedge was 14 inches in length but was
increased to 33 inches to allow the height between the trailing edge of the
wedge and the cylinder leading edge to be increased. The increase was
necessary to prevent extraneous shock waves emanating from the trailing edge
of the shock generator from impinging on the cylinder. The increased spacing
eliminated boundary-layer separation on the wedge and the attendant
compression shocks. The increased spacing also minimized the expansion
wave interaction off the trailing edge.

An existing support rig was modified for the 48" HST tests. A photograph
of the model in the 48" HST test section is shown in Fig. 9. The wedge forthése
tests was 26.5 inches long and could be articulated to angles of 10, 12.5, and
15 degrees.

Instrumentation locations were similar for both test facilities. However, the
type of instrumentation differed because of the different exposure times or test
times of the two facilities. Typically, the test time in the 8' HTT was 5 seconds;
hence, chromel-constantan (Type E) and chromel-alumel (Type K) coaxial
thermocouples and low frequency strain-gage type pressure transducers were

used. A few high frequency pressure transducers, which must be mounted

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



"uonoas
18} 1 LH .8 8y} ul pajunow JepullAd pue Jojesauab yooys yum Japjoy jeued esodind |y

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoIoes ﬁ@ 1SH ..mv uedsje) ey uj jepow Jepullfo pue ebBpam Jojessueb yooys Jo ydeib

loyd ‘6 b4
y -

¢ !

-

JA08U| uopvljusWLINI}ISU)

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




flush with the surface, were used but they failed after a few cycles of high
temperature operation. Instrumentation locations for the Langley (LaRC)
cylinder are shown schematically in Figs. 10 and 11. Figure 10 shows the
peripheral locations of the gages, and as shown, 16 gag3as are spaced one
degree apart. These gages were rotated into the impingement region to
facilitate resolution of the peak pressure and heat transfer rate as well as the
local distribution. The precise location of the pressure taps and thermocouples
is listed in Table 3. Pressure taps and thermocouples were located
symmetrically about the center of the cylinder with identical peripheral locations
as shown in Fig. 11. Transverse spacing in the interaction region was required
because gage dimensions were too large to permit in-line mounting. Therefore,
the instrumentation was located within + 1.5 inches of the center plane.

Pressure and coaxial thermocouples were placed at several longitudinal
locations along the cylinder to determine two-dimensionality of the flow. The
results of this study are given in Chapter 4, section 4.1.

The coaxial thermocouples consisted of a chromel outer sleeve with an
alumel or constantan wire in the center of the sleeve. The inner wire, which
was swaged into the sleeve, was coated with a special ceramic insulation, of
high dielectric strength, of thickness 0.0005 inch. The thermocouple junction
was formed by a vacuum deposited chromium plating across the sensing end of
the instrument. The outside diameter of the type K thermocouples was 0.015
inch and the type E thermocouples had an outside diameter of 0.031 inch. The
inner wire diameter was 0.005 inch and 0.0i0 inch, respectively.
Thermocouple type is given in Table 3. Both types of thermocouples had a one
microsecond response time. The coaxial thermocouples were mounted in 321
stainless steel tubing and then shrunk fit into the cylinder. The stainless steel

tubing was neither electrically nor thermally insulated from the thermocouple.
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Table 3 instrumentation location for LaRC cylinder

table 3 —Coaxial thermocouple Pressure tap
LaRC (S z Type e z Gage Range
Designation  deg. inch deg. inch psia

1 0. 1.50 E 0. -1.50 25
2 -5. 1.70 K -5, -1.30 25
3 -6. 1.90 K -6. -1.10 25
4 -7. 2.10 K -7. -0.90 25
5 -8. 2.30 K -8. -0.70 25

6 -9. 2.50 K -9 -0.50 25
7 -10. 1.30 K -10 ~1.70 25
8 -11. 1.10 K -11 -1.90 25

9 -12. 0.90 K -12 -2.10 25
10 -13 0.70 K -13 -1.30 25
11 -14 0.50 K -14 -2.50 25
12 -15 1.50 K -15 -1.50 25
13 -1¢ 2.70 K -16 -0.30 25
14 -17 2.90 K -17 -0.10 25
15 -18 0.30 K -18 -2.70 25
16 -19 0.10 X -19 -2.90 25
17 -20. 1.70 K -20 -1.30 25
18 -25 1.30 E -25 -1.70 25
19 -30 1.50 E -30 -1.5C 25
20 -35 1.70 E -35 -1.30 25
21 -40 1.30 E -40 -1.70 15
22 -45 1.50 E -45 -1.50 15
23 -50 1.70 E -50 -1.30 15
24 -60 1.50 E -60 -1.50 15
25 =70 1.30 E ~70 -1.70 15
26 -80 1.50 E -80 -1.50 15
27 -90 1.30 E -90 -1.70 15
28 -100 1.50 E  -100 ~1.50 15
29 5 1.30 E 5 -1.70 25
30 10 1.70 E 10 -1.30 25
31 30. 1.50 E 30 ~1.50 15
32 50 1.50 E 50 -1.50 15
33 70. 1.50 E 70 -1.50 15
34 90. 1.50 E 90 -1.50 15
35 10 0.10 E 10 -2.90 15
36 10 2.90 E 10 -0.10 25
37 10 5.80 E 10 -5.80 25
38 0 6.00 E o 6.20 25
39 0 -6.00 E 0 -6.20 25
40 -10 5.80 K -10 -5.80 25
41 -30 2.90 K -30 -2.90 25
42 -30 0.10 K -30 -0.10 25
43 -10 8.00 K -10 8.20 25
44 -10 -8.00 K -10 -8.20 25
45 -10 10.00 K -10 10.20 25
46 -10 -0.00 K -10 -10.20 25
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The stainless steel tube in effect adds a third thermocouple wire with an infinite
number of junctions along the chromel tube. This "third wire" had a significant
effect on the voitage output of the thermocouple which could produce significant
errors in the temperature and heat transfer rate if the voltage were not
corrected. The details of the correction are given in Appendix A.

Strain-gage type pressure transducers attached at the base of 5-foot long
tubes (with a 0.015-inch inside diameter) were used in the LaRC cylinder.
Gage range is given in Table 3. The gages are accurate to + 0.25 percent of
full | scale.

The test time in the 48" HST was 15 milliseconds, hence high frequency
pressure transducers and thin film platinum resistance thermometers were
used. The Calspan model had 24 pressure locations and 49 heat flux sensor
locations. The thin film gages were 0.010 inch wide and 0.250 inch long. The
gage length was aiigned parallel to the cylinder axis. The pressure locations
were 0.0625 inch apart, which was dictated by the physical size of the
transducers. The heat transfer gage spacing was 0.020 inch in the high density
area (19 gages) and 0.080 inch elsewhere. A schematic of the instrumentation

locations are given in Fig. 12 and specific locations are given in Table 4.

3.4 Data Acquisition and Reduction

Data from the 8 HTT tests were conditicned with a 10-Hz filter, then
recorded on a digital recording system and two FM tape recorders. The digitai
recorder sampled data at a rate of 20 frames a second and the FM tape
recorders operated at a tape speed of 20,000 inches per second, which had a
frequency response that was flat to 1000-Hz. Thermometer data from the

48"HST tests were recorded on adigital recording system at a rate of 70
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Table 4 Instrumentation location for Calspan cylinder

~Thin film thermometer —Pressyretap
Gage CUBRC Theta CUBRC Theta
Designation Degrees Designation Degrees
1 53 -39.438 1 79.641
2 54 ~36.383 3 65.317
3 55 -33.327 5 50.993
4 56 -30.271 7 36.669
5 57 ~27.215 9 23.109
6 58 -24.160 10 16.711
7 59 -21.104 11 11.937
8 60 -18.048 16 9.549
9 61 -14.992 12 7.162
10 62 -11.937 17 4.775
11 1 -11.841 13 2.387
12 2 -11.077 18 0.000
13 3 -10.313 14 -2.387
14 4 - 9.549 19 ~4.775
i35 5 - 8.785 15 -7.162
16 6 - 8.021 20 -9.549
17 7 - 7.257 21 -14.324
18 8 - 6.494 22 -19.385
19 ) - 5.730 23 -26.547
20 10 - 4,996 24 -33.709
21 71 - 4.679 25 -40.871
22 70 - 3.915 26 -48.033
23 69 - 3.151 28 -62.357
24 68 - 2.387 30 -76.681
25 67 - 1.623
26 66 - 0.859
27 65 - 0.095
28 64 0.668
29 23 1.050
30 63 1.432
31 24 4.106
32 25 7.162
33 26 10.218
34 27 13.273
35 28 16.329
36 29 19.385
37 30 22.441
38 33 25.497
39 31 25.497
40 32 28.552
41 34 28.552
42 35 31.608
43 36 34.664
44 37 37.720
45 38 40.775
46 39 43.831
47 40 46.887
48 41 49.943
49 42 52.998
48
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frames per microsecond and the pressure data were recorded on two FM tape
recorders with a frequency response of 250 kHz.

Pressure, thermocouple, and thermometer transducer outputs were
converted to engineering units in the normal manner. The temperature
histories were converted to heat transfer rates using a numerical conversion
based on the solution for a semi-infinite slab with temperature dependent
properties [31]. The semi-infinite siab solution is an approximation for the
response of a semi-infinite cylinder. The assessment of this approximation is
discussed in Appendix B.

The calculated heat transfer rates can be distorted by circumferential
conduction and by radiation errors because the cylinder surface temperature
varied from 530 °R to 1600 °R. The error in the predicted heat transfer rate was
estimated to be less than 2 percent of the predicted level. The details of the
error estimates are discussed in Appendix B.

Schiieren photographs of the flow field were obtained at a rate of 20 frames
per second using a X75 Xenon lamp with a 0.015-inch-diameter source and a
6-microsecond spark duration in the 8 HTT. Single frame schlieren was

obtained after approximately 7 milliseconds exposure in the 48" HST tests.

3.5 Test Conditions

The tests in the 8 HTT were at a nominal Mach number of 6.5, a total
temperature of 3400 °R, and a free-stream unit Reynolds number of 0.5 x 106
per foot. Pitot and static pressure probes and stagnation temperature probe
surveys were made on the vertical centerline of the test stream at the leading
edge of the shock generator and cylinder. Probe spacing was interdigitated

yielding a 6-inch spacing between similar probes. The Mach number was
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6.47 = 0.05, pitot pressure was 523 t 0.1 psia, static pressure was
0.096 * 0.001 psia and stagnation temperature was 3400 °R + 100 °R.

The shock generator angle was fixed at ten degrees. The main variable in
this test series was the cylinder height relative to the wedge trailing edge. The
height, Ay, above the trailing edge was varied through 1.3 inches, over 12
different positions, to map the interference patterns over a wide range of shock
intersection locations. The cylinder centerline was always positioned 3.00
inches behind the wedge trailing edge.

The tests in the Calspan 48" HST were at Mach numbers of 6.3 and 8.0, total
temperatures ranging from 2100 °R to 3040 °R, and free-steam unit Reynolds
numbers of 0.7 x 106 to 4.9 x 106 per foot. The purpose of this series was to
determine the effect of impinging shock wave strength, Reynolds number, and
Mach number on the pressure and heat transfer rate.

Pressure and heat transfer rate distributions were obtained on the cylinder
at one Reynolds number for each Mach number with the shock generator
removed (undisturbed flow) to serve as a direct indication of the effect of the
shock wave interference on the pressure and heat transfer rates. The
corresponding stagnation point heat transfer rates at other test conditions were
obtained by extrapolating the experimental values. The process used is
discussed in Appendix C. Test conditions and model position are tabulated in

Appendix D.
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Chapter 4
SHOCK WAVE INTERFERENCE RESULTS AND DISCUSSION

4.1 Two-Dimensionality

Longitudinal (flow direction) and spanwise (transverse to flow direction)
pressure distributions on the wedge are presented in Fig. 13 and Fig. 14. The
pressures are normalized by the free-stream static pressure. The longitudial
pressure (Fig. 13) compares well with the pressure level predicted from oblique
shock relations indicating that a planar shock exists. The measured spanwise
pressure (Fig. 14) is nominally uniform across the central 6 inches along the
wedge trailing edge (x = 32 inches). The pressure falls off rapidily 10 inches on
either side of the centerline. The wedge flow is expected to be two dimensional
inside the dashed lines (5.5 inches to either side of the centerline at x = 32
inches) shown on the plot and in the wedge planform schematic to the right of
the figure. The dashed lines in the schematic represent the characteristic lines
based on the flow at the local wedge Mach number. Hence the flow on the
cylinder is expected to be uniform over at least + 5 inches. The primary
cylinder instrumentation lies within these limits. (See Fig. 11.)

The cylinder spanwise pressure distributions, normalized to the undisturbed
free-stream stagnation pressure, are plotted in Fig. 15. The spanwise
distribution for theta = 0 degrees and no impinging shock (undisturbed flow) is
shown for run 37. The data compare well with normal shock wave theory (solid

line) and are uniform 10 inches on either side of the cylinder centerline. The
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spanwise pressure distributions for a Type IV supersonic jet interference pattern
(run 42) are shown by the square symbcls for three circumferential positions
(theta = -30, -10, and 10 degrees). The data at theta = -30 degrees and 10
degrees are limited but indicate uniform two-dimensional flow on either side of
the supersonic jet. The jet impingement was at theta = -18 degrees for this run.
The data shown for theta = -10 degrees are within the region influenced by the
jet impingement and are nonuniform. However, only one point is within the
region expected to be two dimensional as indicated by the dashed lines which
represent the two-dimensicnal flow region from the wedge. As shown in the
pressure distribution plot for run 42 (Fig. 36), the pressure falls off very rapidly
on either side of the impingement point. The vertical bar on the data point at
z = -1.8 inches (Fig. 15) indicates the pressure levels measured between
theta = -12 degrees and -9 degrees at z = -1.8 inches, and shows the sensitivity
of the pressure to the jet impingement. The data suggest that the jet
impingement is not uniform along the cylinder but varies within 3 degrees. Itis
not surprising that this occurs, as the flow field is not perfectly uniform and as
we will see later, the interference patterns are very sensitive to small flow
perturbations. Although not proven here, the jet img'ngement is probably

unsteady.

4.2 Data Repeatability

Several runs were repeated to demonstrate the repeatability of the test
conditions and model data. One of these sets of data is shown in Fig. 16 for a
Mach 8.0 shock interaction and a 10 degree wedge deflection angie. Other
runs that can be examined for repeatability are runs 37, 38, and 65; 42, 59, and

60; and 9 and 32. Data repeatability is excellent, hence data at different flow
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conditions can be compared assuming any differences are due to flow variables

and not to anomalous facility behavior.

4.3 Schlieren Photographs and Surface Pressure and Heat
Transfer Distributions

Normalized pressure and heat transfer rate distributions with a
corresponding schlieren photograph of the flow pattern are presented in
sections 4.3.1 t0 4.3.3. The pressures and heat transfer rates, normalized with
respect to the corresponding stagnation point values for undisturbed flow
conditions, are plotted as functions of circumferential position (theta, measured
in degrees from the horizontal centerline of the cylinder). The local heat transfer
rates, pressures, and wall temperatures are tabulated in Appendix E. The
photographs and distributions are grouped by Mach number and presented in
sections 4.3.1, 4.3.2, and 4.3.3. The Mach 6.5 data from the tesis in the 8 HTT
are presented in section 4.3.1. The data from the tests in the 48" HST are
presented in section 4.3.2 for Mach 6.3 and in sectior 4.3.3 for Mach 8.0.

Within each set, the vata are presented sequentially relative to imoinging
shock position, Reynolds number, and then shock strength or wecdge angle.
The undisturbed results at each Mach number are shown first in their respective
data sets. The undisturbed distributions compare very well with a viscous shock
layer (VSL) solution at Mach 6.3 provided by Jeff White of Pratt and Whitney
from the work of Holcomb et. al [34]. However, the predicted stagnation
pressure and heat transfer rate were 1.8 percent and 18 percent lower than the
experimental value, respectively. The normalized VSL results are repeated in

the other plots to help visualize the interference effects.
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The viscous shock layer equations (VSL), which are an approximation of the
Navier Stokes equations, provide a complete description of the inviscid and
viscous flow between the body and the shock wave. The main advantage of the
VSL equations is that they remain hyperbolic-parabolic in the streamwise and
crossflow directions. Thus a space marching procedure can be used to solve
the set of equations. The major disadvantage of the VSL equations is that they
cannot be used to compute flow fields with crossflow separation. The VSL
equations are obtained by first nondimensionalizing the Navier Stokes
equations with variables of order one in the boundary layer for large Reynolds
numbers. Another set of equations are obtained similarly by normalizing with
variables of order one in the inviscid region. Terms of second order in ¢ are

retained where

€= [Hret/ (P U T )]0 (4.1)
where ¢ is the coefficient of viscosity evaluated at the reference temperature

The two sets of equations are then combined into a single set of equations. The
VSL equations for a two-dimensional body using a body intrinsic coordinate

system are [28]

continuity: 9. [p' u°]+ <2 [p‘ v ] =0 (4.3)
ox oy’
- . - a L
x-momentum: p'[u‘ ou +V oy ]+ oP = g? () (4.4)
ox’ ay” ox” dy”
[au'
where rt=u | —
oy”
. . P‘
y momentum o [u' Vv ]+ L (4.5)
ox’ oy’ dy
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. [ LoT” v aT" e oP° V,ap' g (1T°)
: U —-v . — {- - = .
energy: p " 3y " " N
- T
+€° —a— T ] (4.6)
dy oy

. X .« Y .« U . V
X = y == U=e= V = e
r r u v
- - (4.7)
. T . P
T=5— P=—3 pr=® =i
ref puw p“c pre‘

Measurement of shock standoff distance, impinging shock intersection point,
transmitted shock length, impinging shock wave angle, transmitted shock angle,
and shear layer angle is tabulated in each section. The accuracy of these
measurements is complicated by the shock interference patterns at the ends of
the cylinder. The bow shock lies closer to the cylinder near the ends, and
consequently, the impinging shock intersection point is different at the ends of
the cylinder than near the center of the cylinder. Therefore, multiple images
occur in the schlieren photographs. !n addition, as discussed in section 4.1, the
jet impingement does not occur uniformly along the cylinder even in the region
where the approaching flow is two dimensional. The bow sihock standoff is
assumed to be greatest at the center of the cylinder, hence this point was used

as the starting point for all measurements presented.
4.3.1 Mach 6.5 Data from the 8' HTT
The data at Mach 6.5 from the tests in the 8 HTT are presented in Figs. 17 tc

50. Shock measurements are given in Table 5. The square block in the upper

left corner of the schlieren photographs provides a 2 inch by 2 inch scale. The
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shock generator wedge is not visible. The horizontal line along the bottom of
the photograph is one of the test section window mullions.

In general, both the pressure and heat transfer rates are increased on the
portion of the cylinder below the interaction and are either below or equal to the
undisturbed level above the interaction. A comparison of the size of the
interference pattern, at the impingement point on the cylinder, with the apparent
size indicated by the amplified pressure or heat transfer rate distribution,
indicates that the interaction region is spread over a larger region than the
schlieren photograph would indicate. This spreading is attributed to viscous
interactions within the cylinder boundary layer and spreading of the shear

layers.
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Fig. 17. Schlieren photograph of an undisturbed flow pattern (8' HTT, run 37,
M =6.47, 8 = 10°, Re = 0.400 x 106/ft).
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Fig. 18. Pressure and heat transfer rate distributions on a cylinder for
undisturbed flow (8' HTT, run 37, M = 6.47, Re = 0.400 x 106/ft).
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Fig. 19. Schlieren photograph of an undisturbed flow pattern (8' HTT, run 38,
M=6.46, Re =0.414 x 106/ft).
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Fig. 20. Pressure and heat transfer rate distributions on a cylinder for
undisturbed flow (8 HTT, run 38, M =6.46, Re =0.414 x 106/#t).
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Fig. 21. Schlieren photograph of an undisturbed flow pattern (8 HTT, run 65,
M = 6.46, Re = 0.410 x 106/ft).
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Fig. 22. Pressure and heat transfer rate distributions on a cylinder for
undisturbed flow (8' HTT, run 65, M = 6.46, Re = 0.410 x 106/ft).
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Fig. 23. Schlieren photograph of a Type V interference pattern (8' HTT, run
54, M =6.46, 8 =10°, Re = 0.424 x 108/ft, Ax =3.00in, Ay =2.95in).
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Fig. 24. Pressure and heat transfer rate distributions on a cylinder for a Type
V interference pattern (8' HTT, run 54, M = 6.46, § =10,
Re = 0.424 x 106/ft, Ax =3.00in,, Ay =2.95in).
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Fig. 25. Schlieren photograph of a Type V interference pattern (8' HTT, run
52,M=6.47,6=10°, Re = 0.425 x 106/ft, Ax = 3.00in, Ay =3.20in).
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Fig. 26. Pressure and heat transfer rate distributions on a cylinder for a Type
V interference pattern (8' HTT, run 52, M = 6.47, § = 10°,
Re = 0.425 x 106/ft, Ax =3.00in, Ay =3.20in).
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Fig. 27. Schlieren photograph of a Type IV interference pattern (8" HTT, run
51,M=6.46,5 = 10°, Re = 0.425 x 106/ft, Ax =3.00 in,Ay = 3.55in).
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Fig. 28. Pressure and heat transfer rate distributions on a cylinder for Type
IV interference pattern (8 HTT, run 51, M = 6.46, § = 10°,
Re = 0.425 x 108/ft, Ax = 3.00in, Ay = 3.55 in).

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 29. Schlieren photograph of a Type IV interference pattern (8' HTT, run
50,M =6.46,8 =10°, Re = 0.429 x 106/ft, Ax=3.00in, Ay =23.85in).

72

Reproduced with permi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>