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Fluorescence Visualization of Hypersonic Flow
Establishment over a Blunt Fin
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Fluorescence imagingis used to investigate the separated flow upstream of a blunt fin in a hypersonic freestream
with a transitional boundary layer. Images are presented to show the flow development before, during, and after
the test time of the free-piston shock tunnel used to generate the flow. These images indicate that the test time in
this facility is long enough to achieve a steady flow over the blunt fin. Thermocouple measurements are included
to compare the surface heat flux upstream of the fin with that for flow along a flat plate with the same freestream
conditions. The heat flux results are consistent with separation in a transitional boundary layer and show that the

separated flow is oscillatory.

Nomenclature
a = sound speed, m -5~
as = average sound speed in boundary layer, m - s
Cy = skin-friction coefficient
d = fin diameter, m
d = separationlength, m
h, = specific enthalpy of freestream, J - kg™

h, = specific enthalpy at wall, J - kg~!

h, = verticle distance from plate to triple point, m

hy = vertical distance from plate to shear layer
below triple point, m

L = length of flat plate, m

Lsep = separationlength, m

M = Mach number

M, = Mach number in freestream

Pr = Prandtl number

Ppitot,cc = pitot pressure, Pa

Po = nozzle reservoir pressure, Pa

q,(t) = surface heat flux,J-m=2.s~!

R = gas constant, J/(kg - K)

Re = Reynolds number

St = Stanton number based on freestream conditions

T = temperature, K

T, = temperature at wall, K

Ty = temperature in freestream, K

T* = Eckert reference temperature, K

t = time, s
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U = velocity,m-s™!

U, = flow speed ahead of the bow shock, m - s~

U, = velocity of freestream, m - s7!

X = position at which Aty is evaluated, m

x = distance from nozzle throat along nozzle axis, m
o = angle of separation shock with horizontal, deg
o = angle of shear layer with horizontal, deg

o = angle of lambda shock with horizontal, deg

y = ratio of specific heats

Voo = ratio of specific heats in freestream

A = asymptotic value of shock standoff distance, m
Atg = time to establish overall flow, s

Atg max = maximum time to establish overall flow, s

Atg min = minimum time to establish overall flow, s
Atpoe = time to establishnozzle flow, s

Atyr = time for sound waves to travel through nozzle, s
A = shock standoff distance when established, m

Oe = density of freestream, kg - m®

Os = density behind bow shock, kg - m®

Ooo = density ahead of bow shock, kg - m®

Tpl = characteristicresponse time (boundary layer), s
Tps = characteristicresponse time (bow shock), s

Toep = characteristicresponse time (separated flow), s

Introduction

ERODYNAMIC heating is one of the critical problems in the
designofhigh-speedaerospacevehicles.High thermalstresses
occur in vehicles around the nose region, on leading edges, and in
corner regions, such as in the junctions between wing and body,
fin and body, pylon and wing, fin and wing, and flap and wing. In
addition, the intake ducts of airbreathing engines can be subject to
high thermal loads resulting from shock-shock and shock-vortex
interactions. A number of important viscousinteraction problemre-
gions have been identified':?: leading-edge shock impingement, fin
interaction, flap deflection,axial corner flows, and a number of other
shock-waveboundary-layerinteraction problems. This paperinves-
tigates one of these problems, the fin interference problem, in which
a shock-waveboundary-layerinteraction induces flow separation.
Figure 1 shows the main features of hypersonic flow over a blunt
fin on a flat plate. The bow shock upstream of the fin generates a
pressurerise, whichis communicatedupstreamthroughthe subsonic
portion of the boundary layer, causing the flow on the flat plate to
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Fig.1 Schematicof the three-dimensional flow around a blunt fin (after
Stollery®).

separate and deflect away from the fin. Stollery? has discussed the
flow features in the three-dimensional flowfield near an unswept
blunt-nosed strut (or blunt fin). The primary flow feature associated
with the diversion of flow around the fin is a horseshoe vortex,>*
which forms upstreamof the fin. Theory predictsthe presence of two
vortices in this model of the flow, but as many as six vortices have
beenindicatedby surfaceoil patternsin some cases.’ In experiments,
maximum pressures and heat flux rates occur near the reattachment
lines associated with these vortices.?

The problems associated with attempting to visualizethe fininter-
action flows are twofold. First, optical access for traditional line-of-
sight visualization techniques, such as shadowgraph, schlieren, or
interferometry, is severely restricted by the presence of the surfaces
that make up the fin-body junction. Second, even if optical access
is achieved, line-of-sight methods, which are strictly suitable for
two-dimensional flows only, will not be able to resolve the highly
three-dimensionalfeatures.

To date, the flowfield structure for this type of flow has been
inferred largely from surface gauge measurements or surface
visualization techniques such as the sublimation method, oil flow
techniques, laser interferometer skin-friction technique, infrared
thermography,and liquid crystal thermography®~'° Flowfield visu-
alization, other than line-of-sight visualization, has been restricted
to the electron beam method,'! which is confined to low-density
flows, and planar laser scattering'? requiring seeding with particles,
which may lag behind fluid particlesin their motion.

The restrictions of optical access and the problems associated
with the visualization of a three-dimensionalflowfield can be over-
come by using planar laser-induced fluorescence (PLIF). PLIF can
provide comprehensive flowfield visualization of the supersonic fin
interaction flow, as well as valuable information against which the-
oretical models and computational fluid dynamics (CFD) calcula-
tions can be tested.!® At present, CFD rarely predicts the complex
flows created by the interactionbetweenboundarylayers, separation
shocks, reattachment shocks, free shear layers, and other flow fea-
tures accurately.'*~'® When PLIF visualizationis used, the position
and shape of these flow features can be determined experimentally,
thus providing simple parameters, such as the location of the sep-
aration point and the angle of the separation shock, which can be
directly compared to CFD calculations.

This paper describes a series of PLIF flow visualization and heat
flux measurements that determine whether the separated flow up-
stream of a blunt-fin model geometry reaches a steady state during
the test time available in a free-piston shock tunnel.!” Free-piston
shock tunnels are pulsed facilitiesthatcan be used to generatea wide
range of hypersonic flow conditions. A major difficulty associated
with their use is their extremely short flow duration. This problem
becomes particularly serious when examining separated flows, such
as in the blunt-fin problem, because the time required for flow to
establishin the separatedregionis significantly longer than the other
flow features of interest such as bow shocks and attached boundary
layers. The steady flow test time in such a facility is the time interval
between the establishmentof steady test-gas flow in the nozzle and
the arrival of the driver gas. Depending on the conditions required

in the test section, the test time can range from 100 us to 4 ms.
Previous work using PLIF visualization'® has shown that a steady
flow in the near wake of a cone can be achieved during the test time
available to a small free-piston shock tunnel.

Flow Establishment

For the purposes of the following discussion, we define Aty
as the time taken to establish steady nozzle flow at the model station
together with time constants Ty, Tep, and 7, Which are the charac-
teristic times for response of the boundary layer, separated flow, and
bow shock on the blunt fin, respectively,to changesin the freestream
flow. These characteristictimes may be evaluated as the times taken
for each flow feature to reach its steady state after impulsive expo-
sure of a body to a steady freestream flow. As will be discussed, the
literature contains empirical expressionsfor evaluating these times.
The questionto be addressed, then,is at what time Aty afterincident
primary shock reflection does the model flow become stationary?
Here, the term stationary is used in the same sense as in turbulence
studies, that is, although flow quantities may fluctuate over the short
term, their long-term means are constant.

Mallinson et al.! stated that a conservative estimate of Atz in a
compression corner may be obtained as the sum of Afyzz, T, and
Tyep- Lhis estimate assumes that the flow features develop serially.
The conservativenature of this assumption derives from that, in re-
ality, all of the flow features will need to respond to flow changes
that occur while the nozzle flow is being established and that in-
teractions between the inviscid flow, boundary layer, and separated
region may continue sometime after the nozzle flow has established.
An additional contributor to the conservative margin is the division
of the separated flow into boundary layer, separated flow region,and
bow shock. Were the combination to be considered as a single flow
feature, then it would have a single characteristic time appropriate
to the simultaneous development of the three individual features as
discerned here. However, following Mallinson, we take the sum of
Afnozzie s Toi> Tseps a0d T as a useful upperlimit for flow establishment
time. That is,

Alg max = Alyozge + Tol + Tsep + Tos (1)

In the case where all of Ty, Ty, and 7, are much less than Ao,
we may argue that the boundary layer, separated flow region, and
bow shock respond quickly enough to freestream flow changes to
allow us to make the approximation that the nozzle establishment
time is a useful minimum for the flow establishment time. That is,

Al‘E.min ~ Al‘nnzzle (2)

We now proceed to find approximations for At,q,ie, o Teep, and
Tvs, for the present flow, to determine values for Atg max and Atg min,
plus examine the reasonableness of this last approximation.

Nozzle Flow Establishment

The startingprocessin a supersonicnozzlehas been studiedexten-
sively in previous work.2?! It is initiated when the primary incident
shock in the shock tube is reflected at the shock tube end wall and
the first test gas passes into the nozzle. Much of the earlier work on
nozzle flow establishmentdeals with planar two-dimensionalnozzle
flows. However, the qualitativefeatures of the axisymmetriccase are
expected to be similar. From this early work, the nozzle flow evolu-
tion is known to be a complicated process involving multiple shock
and boundary-layerinteractions?! In fact, it is so complicated, that
it is well nigh impossible to quantify At,,,,. on the basis of fluid
mechanical theory. Consequently, At is determined experimen-
tally here, as will be described.

For a perfectgas flow, the test section flow can be consideredto be
steady when the Mach number of the flow is constant. Boyce et al.>
argue that the Mach number is steady in flows with changingnozzle
reservoir pressure p, when the ratio of the freestream pitot pressure
Dpiot,00 () at a time ¢ to the nozzle reservoir pressure po(f — Atyr)
at an earlier time t — Aty is constant. Here the nozzle transit time
Aty is the time taken for acoustic disturbances to travel from the
nozzle reservoir to the test section:
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where x is the distance from the throat along the nozzle centerline,
X is the position at which Atyy is evaluated, U is the local flow
velocity,and is a the local speed of sound. The parameters U and a
can be calculated using the one-dimensionalnonequilibriumnozzle
code STUBE.®

Additionally, in the case of steady nozzle flow of a perfect gas,
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where M is the Mach number of the flow just upstream of the pitot
probe. Hence, the ratio of the pitot and nozzle reservoir pressures
can also be used to give an indication of the Mach number of the
flow at any given time after shock reflection, if y is known. The
nozzle flow behavesas if y is close to 1.4, consistent with this being
a low enthalpy flow condition. However, the bow shock generated
around the pitot probe elevates the temperature, which decreasesthe
effective y to about 1.33. Hence, y = 1.33 is used in this equation.

Establishment of Steady Attached Boundary-Layer Flow

Davies and Bernstein® found that the characteristic time to
achieve a steady attached boundary layer on a flat plate, 7y, is given
by

where U, is the freestream flow velocity.

Establishment of Steady Shear Layer Downstream of Separation
The characteristic time to establish a separated flow on a com-
pression corner, Ty, Was calculated by Holden® using

Tsep = lsep/aé - dl/&d (6)

where [, is the separation length (d; in our work) and a; is the
average sound speed in the boundary layer. We will assume that this
equation can be also used for the characteristictime to establish the
separatedflow producedon the bluntfin. The assumptionunderlying
this formulationis that the dimensions and flow within the separated
flow regionare set by means of an acoustic wave that emanates from
the fin and travels forward to the steady flow separation point. The
average speed of sound in the boundary layer, a5, can be determined
using an intermediate temperature such as the Eckert temperature
T* (Ref. 26), where

T* = 0.5(T, + Too) + 0.11(PP) (oo — DMAT,  (7)

Here 7, is assumed to be 300 K, Pr is assumed to have a value of
0.72, y is the freestream ratio of specific heats, which, for these
experiments, is close to a value of 1.4. When ideal-gas behavior is
assumed, as can be written as

&5 =/ yooRT* (8)

In this work, we estimate the length of the separationregion from
the flow visualization by extrapolating the separation shock to the
point at which it would intersect the flat plate and measuring the
distance from that point to the corner of the blunt fin. This method
hasbeenusedin a previousschlieren visualizationstudy of turbulent
blunt fin flow.?” Other flow parameters required for the calculation
are determined from the computer code STUBE, > used to calculate
the steady nozzle flow.

Establishment Time for Bow Shock
Miles et al.?® derived the following equation for the time to es-
tablish a bow shock at the front of a circular cylinder:

Tos = A/ Us[(ps /o) = 1 la[1 = (A'/A)]7! ©)

where U, is the flow speed ahead of the bow shock and A’ is
the value of the shock standoff distance when the bow shock is
consideredto be established. In our work, we will consider the bow
shock to be established when the standoffdistance hasreached 95%
of its asymptotic value. That is, A’/A = 0.95. In the case of perfect
gas flow over a cylinder of diameter d, mass flux considerationsand
experimental data show that A is given by the following formula®:

AJd = 1.16(ps/ ps) (10)

Experimental Method
Flow Conditions

Experiments were performedin the T3 free-pistonshock tunnelat
the Australian National University.!” A 305-mm-exit-diameter ax-
isymmetric conical nozzle with a 35-mm-diam throat and 7.5-deg
internal half-angle was used to expand gas at a stagnation tempera-
ture and pressure of 3480K and 15.9 MPa, respectively,over a blunt
fin model mounted on the centerline of a flat plate. Because of the
conical geometry of the nozzle, the freestream flow can be approx-
imated as a source flow. A slight flow divergence causes the Mach
number of the freestream to vary from a value of approximately 6.1
at the leading edge of the flat plate to 6.9 at the location of the blunt
fin.

The shock tube fill condition of 2% O, in N,, selected to gen-
erate the required amount of NO for good fluorescence imaging,
results in a test gas composition of 1.6% NO, 1.2% O,, 0.06% O,
and 97.14% N, by mole fraction at the nozzle exit (calculated us-
ing STUBE??). The Mach number, temperature, and pressure of the
freestream were 6.4 0.1, 446+ 5 K, and 7.2 £0.4 kPa, respec-
tively; the stagnation enthalpy was 3.90 £0.02 MJ/kg. The unit
Reynoldsnumberat these conditionsis 5.9 x 10°m~!. Based on pre-
vious work,*® we assume a transition Reynoldsnumberof 1.0 x 10,
which indicates that transition should occur approximately 170 mm
from the leading edge of the flat plate, that is, 155 mm, or 3.9 fin
diameters, upstream of the fin.

Model and Instrumentation

The flat plate is shown schematically in Fig. 2. It was mounted
on a sting positioned so that the top surface was in the center of the
nozzle flow. The blunt fin was attached perpendicularly to the flat
plate; it was not swept and was at a zero angle of attack. Before the
experiment, the leading edge of the flat plate was inserted 160 mm
inside the nozzle such that the fin was 163 mm downstream of
the nozzle exit. During the experiment, the shock tunnel recoils by
about 30 mm away from the model. The blunt fin is 38 mm thick
with a hemicylindricalnose. The heightof the blunt fin was 100 mm,
which is high enough to be considered as semi-infinite, so that any
increases in height of the blunt fin would not affect the flow.

Coaxial chromel-alumel thermocouples, of 2.3-mm outer diam-
eter, were used to obtain the heat flux measurements. Four of these
were flush mounted along the centerline of the plate, at the posi-
tions indicated in Fig. 2. For the remainder of the discussion, the
thermocouples are labeled TC1-TC4, in order of increasing dis-
tance downstream of the leading edge of the plate. They were placed
so that TC1 was in the undisturbed flat plate boundary-layer flow,
TC2 was located near the separation point, and TC3 and TC4 were
within the separated region and within the area illuminated by the
laser sheet. The blunt fin is 323 mm from the leading edge of the flat

Bow shock
Lambda shock -
Separation shock

Shearlayer

d

Fig.2 Side view schematic of the blunt fin attached to a flat plate with
the expected flow features and positions of the thermocouples.
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Table1 Calculated establishment times for flow processes, calculated for three different
positions in the flow

X, Al‘NT Al‘nnzz]m Tol» Ths» Tsep» Al‘E.mina Al‘E.maXs
Position in flow mm us us us us us us us
Leading edge of plate 870 305 1450 401 40 226 1450 2117
Exit of nozzle 1030 359 1500 404 40 228 1500 2172
Blunt fin model 1195 419 1560 399 40 230 1560 2229
plate, whereas thermocouples TC1, TC2, TC3, and TC4 are 113, 40 <100 ‘*40
170,274, and 307 mm, respectively, from the leading edge. 351 | ‘ — Ppio=(0) X i35
The thermocouples were produced in-house and have been used - J,“p F— p® 30
successfully in previous measurements performed for a hypersonic § 30, 1 _ Poiot=® 1000l
compression-corner flow.!® Although less sensitive than thin-film 25 )hHA*'IIW““‘.H[ . Plt-Bhe) |25
gauges, thermocouples are les.s susceptible to damage arising from E 201 “fV”‘lﬂ(‘i"ﬁ%}d,',k,y;wﬁ!."' J'fl’ 20
diaphragm fragments or the high levels of heat flux that can occur g W z
just upstream of the fin. The thermocouple voltages were ampli- 154 158
fied using a 30-dB differential preamplifier and recorded by two 104 10
Tektronix TDS 310 digital oscilloscopes. 5 5
. . s o | 0
Pitot and Nozzle Reservoir Pressure Measurements 05 00 05 10 15 30 25 30 35 46

Before the blunt fin experiments, the flow conditions were char-
acterized by measuring the pitot pressure at the exit of the nozzle
and comparing it with the nozzle reservoir pressure as already de-
scribed. The pitot probe was placed at the exit of the nozzle and
along the centerline of the flow.

PLIF Excitation and Detection

The PLIF method is a well-established flow imaging technique
that can be used to measure static temperature’' and pressure,’ per-
form species imaging,**** and for flow visualization.!® In the cur-
rent work, we used the R,(13.5) transitionin the A>X <— X2T1(0, 0)
band of NO, determined from previous work® to be a good tran-
sition for qualitatively visualizing the important flow features. A
sheet of laser light tuned to this transition illuminated the plane of
symmetry shown in Figs. 1 and 2. The resultant fluorescence from
laser-excited NO molecules in the illuminated plane was imaged by
an intensified charge-coupleddevice camera as shownin Fig. 1. Lu-
minosity from flow contaminants® reduces the signal to noise ratio,
and for that reason we used a short camera gate of approximately
100 ns. This gate was long enough to capture over 90% of the flu-
orescence while short enough to reject the majority of the natural
flow luminosity. A more detailed description of the optical setup is
provided by Fox et al.**

Results

The results of the calculationsfor the establishmenttime of differ-
ent flow processes at the leading edge of the flat plate, at the exit of
the nozzle, and at the blunt fin model are shown in Table 1. The char-
acteristictimes of the establishmentof bow shock, separatedregion,
and boundary layer are, indeed, significantly smaller than Az,
which indicates we may be justified in making the approximation
Al‘E = AtE.min = Atm)zz]e'

Determination of Nozzle Flow Startup Time

The resultof the calculationfor the ratio of pitot pressuretonozzle
reservoir pressure is shown in Fig. 3 with the nozzle reservoir and
pitot pressure traces. A constant value is reached at about 1.5 ms,
which agrees well with results from previous work,? and is consis-
tent with a perfect gas flow having a Mach number of 6.4 and an
effective value of 1.33 for the ratio of specific heats.

PLIF Imaging of Flow Development

Figure 4 shows PLIF images, corrected for spatial variationin the
profile of the laser sheet, taken at different delay times and shows
how the flow develops. Each image is obtained during successive
runs of the tunnel, and therefore, the images will be subject to some
variation due to the nonrepeatabilityof the turbulentstructures. The
datum for all times is the time of the reflection of the primary inci-
dent shock in the shock tube. In all images the flow is from left to
right, and the laser enters from the top of the image. Each image is

Time, ¢ (ms)

Fig. 3 Nozzle reservior pressure trace and freestream pitot pressure
trace shown with the ratio of pitot to reservoir pressures at this 4 MJ/kg
condition; time when steady nozzle flow was established is the time when
this pressure ratio first becomes constant.

75+ 1 mm wide and 55 & 1 mm high. The right-handedge of each
image corresponds to the position of the blunt fin. The images are
displayed in grayscale using a logarithmic scale, with light shades
corresponding to high signals and dark shades to low signals.

Some features of the nozzle startup processes are seen in Fig. 4a
atatime of 250 us. The nozzle starting shock is apparentas a sudden
changeinintensitynearthe fin. This featureis similar to thatreported
in the schlieren images of Smith.* In this image, the nozzle shear
layeris visible, indicating that the nozzle flow is not yet established.
At a later time of 400 us, as shown in Fig. 4b, the flow begins to
show the presence of the separation shock. However, the bow shock
is still not properly formed and the shear layer appears laminar. At
the top of the image, the nozzle shear layeris still visible. As seen by
the disturbancein the bow shocknear the top of the blunt fin, the bow
shock appears to interact with the nozzle shear layer in some way
at a time of 600 us (see Fig. 4c). At this time, turbulent structures
become visible in the separated region. The separation-shockbow-
shock interaction is now strong enough to form a lambda shock.
Between 400 and 800 us (see Figs. 4b-4d), the separation point
moves downstream until, by 800 us, it is within the field of view.
The bow shock appears to be steady from 800 us onward, but the
separated flow region does not reach a steady state until much later.

The images in Figs. 4e-4g are typical of images observed in the
time interval from 1.4 to 3.0 ms. They are characterizedby a steady
bow shock (bs); however, the separation shock shape is slightly dif-
ferent from shot to shot. Variations in its shape are attributed to
embedded shock waves, which are produced by supersonic flow de-
flected by turbulenteddies in the shearlayer. The locationand size of
these turbulenteddies vary from shot to shot, thereby varying the lo-
cationand strength of the embedded shocks. Consequently,the inter-
actionof these shocks with the separationshockresultin shot-to-shot
variations in its shape. Figure 4g shows a particularly large-scale
structure, which was observed at a delay time of 1800 us. The ap-
pearanceof such structuresoccursrandomly at differentdelay times.

After about 3.0 ms, the PLIF images become progressivelydarker
with delay time as a result of diminishing NO concentrationdue to
contamination and thus dilution by the driver gas. Further evidence
of driver gas contaminationat these delay times is the increasein the
shock standoff distance, consistent with the accompanyingincrease
in the ratio of specific heats.

Figures 5-8 show the various parameters defined in Fig. 2 mea-
sured from the PLIF images as a functionof delay time. All distances
are normalized to the fin diameter d of 38 mm, and all angles are
measured in degrees from the plate surface.
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Fig.4 PLIF images of the flow development where flow feature identified by letters: n.s.l., nozzle shear layer; b.s., bow shock; s.l., shear layer; L.s.s.,
large-scale structure; s.s., separation shock; e.s., embedded shock; s.i., shock-shock interaction; L.s.,lambda shock; and j., jet produced by shock-shock
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Fig. 5 Minimum and maximum bow-shock stand-off distances from
the blunt fin normalized to blunt fin diameter.

Variation of the normalized bow shock standoff distance A /d
with time is shown in Fig. 5. Both the minimum and maximum
distance of the bow shock from the fin were recorded. This was
considered necessary because the bow shock was not perfectly ver-
tical in some of the images taken at earlier delays, (for example, see
the bow shock shape at a time of 400 us). The inviscid flow asso-
ciated with the bow shock above the interaction region appears to
stabilize after about 800 ws. The bow-shock standoff distance takes
less time than other flow features to reach a steady value because
it is an inviscid feature of the flow. According to Eq. (9), it takes
only about 40 us for the bow shock to establish on the fin at these
conditions. Furthermore, at high Mach numbers, and in the absence
of chemical effects, the shock standoff distance is only a weak func-
tion of Mach number. Hence, in the later stages of the nozzle flow
establishment, it is quite insensitive to Mach number changes. If we
assume that the measurements of the pitot pressure provide a good
indication of the freestream Mach number during these later stages,
the Mach number changes from about 5.9 at 800 us to about 6.4 at
1500 ps. Based on Eq. (10) and the dependence of the density ratio
on Mach number, the normalized shock standoff distance A /d will
change by only a small amount. In fact, according to Eq. (10), it will

change from 0.193 to 0.189 fin diameters over this Mach number
range. The small change of 0.004 fin diameters is smaller than the
uncertainty in our measurements, and hence, we expect the stand-
off distance to appear constant after 800 ps. This explains why the
shock on the blunt fin appears to stabilize well before the flow at
the exit of the nozzle has reached a constant Mach number. After
about 3 ms, the bow shock standoff distance slowly increases as the
gas composition of the flow changes due to the arrival of the driver
gas. This increase in shock standoff distance is consistent with the
dependence A /d of on the density ratio across the shock. The den-
sity ratio in turn depends on y, which increases when the monatonic
driver gas arrives.

Figure 6a shows how the vertical distance /; from the plate to
the point of interaction between the bow and separation shocks and
the angle of the separation shock, «;, change with delay time. The
point at which the separation shock intersects the flat plate occurs
just outside the region of the PLIF images. An estimate of the sep-
aration length d,, the distance from the blunt fin to the point where
the boundary layer separates from the flat plate, can be obtained
by extrapolating the separation shock to the point where it would
have intersected the flat plate. This estimated separationlength dj,
shown in Fig. 6b, settles to a value of approximately4 fin diameters
upstream of the fin during the steady flow time. This measurement
assumes that the separation shock remains straight. CFD?7 indicates
that near the point of separation this shock curves toward the flat
plate, so measuring the value of d; by this method is an overestimate
by about 10% determined by measuring the same shock angle re-
peatedly and averaging the results. However, in the image at a time
of 800 us, where the complete separation shock can be seen, there
is no evidence of this curvature. From these results, we see that the
size of the separated region (as characterized by the value of &)
appears to stabilize after 1.5 ms. This time is significantly less than
the conservative estimate of Afg .. In fact, we can now say that
Atp & Atyoze = Atg min. After approximately 3 ms, /; and d, in-
crease and «r; decreasesdue to the thickeningof the boundary layer,
caused by the decrease in flow pressure and possibly the arrival of
the driver gas.

Previous schlieren and oil-flow measurements of d; for turbulent
approaching boundary layers*”*® have obtained values of d, that
range between 2.5 and 3 fin diameters, whereas for fully laminar
approaching boundary layers, d; was measured at between 9 and
12 fin diameters. Thus, the present value of 4.0 is indicative of a
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Fig. 6a Height from flat plate to point of interaction between separa-
tion shock and bow shock, and angle of the separation shock to the flat
plate.
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Fig. 6b Distance from the blunt fin to point of intersection of sepa-
ration shock on the flat plate. (Parameters appear steady from =1.5 to
3.0 ms from shock reflection, giving some indication of when the inviscid
interactions are stable.)

transitional approachingboundary layer. This is consistent with the
measurementsof He and Morgan,*° which predict transitionon a flat
plate at a freestream Reynolds’ number of approximately 1 x 10°,
which, for this flow condition, occurs 170 mm downstream of the
leading edge, near the position of TC2.

The results of our measurements of /2, and d, are shown in Fig. 7.
The distance d, from the blunt fin to the point of intersection of
the shear layer with the flat plate is estimated in the same way as
the separation length d; described earlier. The uncertainty in the
average position of d, is greater than that for d, because of the
turbulentnature of the shear layer. Figure 7a shows %, and the angle
of the shear layer, «,, as a function of delay time. The measured
value of d,, is shown in Fig. 7b. At early delays, d, ~d;. Both
values decrease as the separation point moves slowly toward the
blunt fin before the steady flow time. They then both increase as it
moves away from the blunt fin again at later times. At these later
times, the values of d; and d, differ significantly from each other
with d| > d,. The value of &, does not vary much as a function of
time and stays between about 0.4 and 0.6 fin diameters throughout
the flow time.

The angle of the lambda shock, «; , shows an oscillatory behavior
that persists even during the time when the separation shock and
shear layer appear to be steady, as shown in Fig. 8. Superimposed
on the oscillatory behavior, the value of «; shows a tendency to
increase with time.

In summary, the images show that the start of the steady flow time
is at approximately 1500 us, which is consistent with the value of
Atg min as discussed earlier.

Heat Flux
For comparison with the PLIF images and to furtherincrease our
understanding of the flow establishment processes, surface temper-
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Fig. 7a Height from flat plate to point of interaction between shear
layer and bow shock and angle of the shear layer shock to the flat plate.
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ature measurements were obtained for three tunnel runs at the same
flow condition as the PLIF images. An additional measurement was
obtained for flow along the flat plate in the absence of the fin. The
comparison between the two heat flux measurements indicates the
effect of the blunt fin on the flow.

The surface heat flux time histories g, (¢) for the four thermocou-
ples are shown in Fig. 9. Each plot is for one thermocouple. The
raw data from each thermocouplehas been analyzed in the manner
described by Diller*® and Mallinsonet al.' to produce the heat flux
measurements shown in Fig. 9. Two plots show the heat flux with
and without the blunt fin. The plots show the effect of the fin on the
upstream heat flux. Each trace contains an initial heat flux spike,
followed by a period of unsteady heat flux correspondingto the ini-
tial shock and unsteady expansionin the hypersonic nozzle starting
shock system process, as described by Smith.?? This is followed by
a period of decreasing heat flux as the boundary layer on the plate
establishes itself. The heat flux maintains a roughly steady value
from 1.4 to 2.5 ms, followed by a roughly linear decrease in heat
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Fig. 9 Flat plate without the blunt fin present and average time history of surface heat flux for a) TC1, b) TC2, ¢) TC3, and d) TC4.

flux caused by decreasingnozzle-reservoirpressure and contamina-
tion of the test gas by the helium driver gas. (Only the first 1.7 ms
are shown in Fig. 9; the first 4.0 ms of the surface heat flux history
is shown subsequently.)

Figure 9a shows that the heat flux at TC1 is the same for both
the flat plate and the blunt fin flows during the steady flow time.
This indicates that the separation has no measurable influence this
far upstream. TC2, shown in Fig. 9b, measures less heat flux for the
blunt fin than for the flat plate. This is due to the decrease in skin
friction immediately upstream of separation, which is related to the
heat flux via the Reynolds’ analogy

St = C;/2(Pr)* (11)

Figure 6b places the separation point at 4 fin diameters, or 152 mm,
upstreamof'the fin. Because the measurementof d; is a linearextrap-
olation of the separation shock, this may be a slight overprediction,
but should be close to the actual separation point. TC2 is located
153 mm upstream of the fin, which should be less than 10 mm
upstream of the point of separation.

Figure 9c and 9d, which display the heat flux traces for TC3 and
TC4, respectively, show much higher heat flux rates for the blunt
fin than for the flat plate, due to surface heating caused by flow
reattachment in front of the fin. The general shape of the heat flux
trace upstream of the fin is similar to that measured by Schuricht
and Roberts*! for the laminar boundary layer upstream of a blunt
fin in a hypersonic freestream.

The effect of the presence of the blunt fin on the heat flux can
be readily seen in Fig. 10, which displays a plot of Stanton number
againstReynolds number. The Stanton number St is calculatedusing

St — gs(1) (12)
pette[he + (Pr)°5(0.5 - u2) — h, |

where p,, u,, and h, are the density, velocity and enthalpy of the
freestream outside the boundary layer, as calculated by STUBE,
and £, is the enthalpy at the wall. For the flat plate, the data fall
on a straight line. For the blunt fin measurements, TC1 follows the
flat plate heat flux, TC2 decreases relative to the flat plate value as
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Fig.10 Stanton number vs Reynolds number shows effect of blunt fin
on the heat transfer.

discussed earlier, whereas there is an increase in heat flux over the
flat plate value of 4 to 5 times for TC3 and TC4.

Also included in Fig. 10 are the data from East et al.** for their
condition G measurements made using a flat plate of identical di-
mensions to that used in this study and at similarly low stagnation
enthalpy (2.79 MJ/kg). The data obtained in this experiment have
the same slope as that measured by East et al., and the condition
G results fall within the error bars for our measurement, but the
Stanton number of the presentresult is measurably higher. Both re-
sults were obtainedin the same facility,in perfectgas flows. The only
difference between the heat flux measurements was that East et al.
used thin film gauges rather than the thermocouples used in these
experiments. There may be some small systematic difference be-
tween measurements using these two techniques. More data would
need to be acquired to reduce the uncertainty of the present series
of measurements before we could be sure that the differenceis truly
systematic. The measured Stanton number is also higher than the
theoretical relation quoted by East et al., which is a simple Blasius
boundary-layerand Reynolds analogy approximation that predicts
St/Re =0.332. The systematic difference between measured val-
ues and the theoreticalrelationshipis probably due to the theory not
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Fig.11 Example of the oscillatory behavior of surface heat flux shown
by three sets of results (solid line, dashed line, dotted line) for thermo-
couple TC2, showing the repeatability of the result due to a dynamic
equilibrium between filling and release of fluid in the separated region
upstream of the fin, analogous to the vortex shedding found in subsonic
wake flows.

accounting for the pressure gradient along the plate or the density
variation across the boundary layer.

The heat flux measured by TC2 also exhibitedstrongly oscillatory
behaviorin the presence of the blunt fin, which was not apparentin
the flat plate flow. This is clearly shown by the three sets of heat flux
distributionspresentedin Fig. 11. Approximately 1.5 ms after shock
reflection, the heat flux oscillates at a frequency of 2.0 0.2 kHz
or 3.6 £0.3 kHz. The three traces indicate that this behavior is re-
peatable. The oscillation has been observed and measured in other
experiments using wavelet transform techniques” and is due to a
dynamic equilibriumbetween filling and release of fluid in the sep-
arated region upstream of the fin, analogous to the vortex shedding
found in subsonic wake flows. The temporal resolution of the PLIF
survey was of the same order as the oscillationfrequency,and so the
effectof these oscillations was not seen in the images. The similarity
of the images obtained between 1.4 and 3 ms after shock reflection
suggests that small fluctuationsin the position and angle of the sep-
aration shock may have a significant effect on the plate heat flux.
Care must be exercized when interpreting visual indications of flow
steadiness, particularly in inherently oscillatory flows. The fact that
3-4 oscillations occur during the test time give us some confidence
in saying that, in this case, the flow has reached a steadily oscillating
state approximately 2 ms after shock reflection.

Uncertainties

The uncertainty in the pitot and nozzle reservoir pressure mea-
surements is largely a result of shot noise, which is readily visible
in the pressure histories shown in Fig. 3. This noise, which is signif-
icantly larger than the systematic uncertainty caused by the uncer-
tainty in transducersensitivity, is approximately £2 % for the nozzle
reservoir pressures and approximately 5% for the pitot pressures.
Theresultantuncertaintyin the pressureratiois, thus, approximately
+6%.

The uncertaintyin each parameter specifying the freestream flow
conditionis aresult of the uncertaintiesin the input parameters used
by the STUBE? code, which models the nozzle flow and calculates
the freestream condition. The input parameters are the measured
speed of the primary shock and the measured value of the nozzle
reservoir pressure > The uncertainty in the measured shock speed
is less than £1%, whereas the standard deviation in the shot-to-
shot scatter of the shock speed is determined to be approximately
+2%. The uncertainty in the measurement of the nozzle reservoir
pressure for steady flow conditionsis approximately £2%, whereas
the standard deviationin the shot-to-shotscatteris determined to be
approximately £4%.

For the results displayedin Figs. 5-8, the uncertainty in the mea-
surements of A, hy, hy, oy, a5, and «; are largely a result of spatial
resolution limitations of the PLIF images. In the case of measure-
ments of d; and d,, an additional contribution to the uncertainty
arises from the linear exptrapolation. Measurements involving the
shear layer, such as those for d, and h,, are additionally affected

by its turbulent nature, which causes its shape and location to be
ill defined. The perturbationof the separation shock by interactions
from the embedded shock waves cause its shape to change slightly
from shot to shot, which results in scatter of the values of d; and /.
An estimate of the scatterof d,, d,, h,, and h, was made from mea-
surements of these values for 15 differentimages at a delay time of
1400 ps. The standard deviation of this scatter added in quadrature
with the uncertainty of an individual measurement for a parameter
is used to estimate the overall uncertainty for that parameter, which
is displayed in terms of an error bar at a delay time of 1400 us for
Figs. 5-8.

The uncertaintyin determiningthe nozzle flow establishmenttime
from the pressure ratio shown in Fig. 3 is estimated from the slope
of this ratio as compared with its uncertainty. From these consider-
ations, an uncertainty of 50 us is attributed to the determination
of nozzle establishmenttime.

The uncertaintyin the surface heat flux dependson the noise in the
raw thermocouple signals and the average signal level. For the flat
plate experiments, the uncertainties in the heat flux measurements
are quite large because of the low signal levels and because the
resultsinvolved measurementsfrom only a single shot. In particular,
for the flat plate, the relative uncertaintiesin heat fluxes measured by
the four thermocouplesat a delay time of 1.4 ms are as follows: TC1
£ 50%, TC2 +£40%, TC3 £ 60%, and TC4 £ 66%. For the blunt-
fin experiment, the uncertainties are significantly smaller because
of higher signals and shot averaging. Furthermore, for the blunt-fin
experiments, improvements were made to reduce the noise level of
the amplifiers. Based on the average of three shots, it is found that, at
delay time of 1.4 ms, the relative uncertainties in thermocouplesin
the blunt-fin experiments are as follows: TC1 £ 25%, TC2 £ 20%,
TC3 £ 14%, and TC4 £ 12%.

Conclusions

PLIF has been successfully used to visualize the development
of the separated region upstream of a blunt fin on a sharp-nosed
flat plate at zero incidence in a hypersonic freestream. The images
indicate that, for the flow conditions studied, the separated flow
region establishes within about 1.5 ms and that nominally steady
flow conditions persist for at least an additional 1.5 ms. Heat flux
results indicate a similar starting time, but also exhibit oscillatory
behavior, which continues throughout the test time. The test time
is sufficiently long lived to allow 3-4 oscillations to occur. These
results indicate that this type of quasi-steady viscous interaction
problem can be studied successfully despite the limited test times
of the free-piston shock tunnel.

The measured distance from the fin to the separation pointis con-
sistent with a transitional flow, situated between previously mea-
sured values for flows having turbulent and laminar approaching
boundary layers. The heat flux distribution during the test time
shows undisturbed upstream flow, a reduction in heat flux close to
the separation point, and heat flux of 4-5 times the flat plate value
downstream of separation.
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