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Abstract

In order to investigate cavity wake heating
characteristics, a  series of tests by
parametrically changing cavity size were
conducted.  Two-dimensional ~ heat  flux
distribution around cavities on flat plate models
was measured by IR camera at a Mach number
of 10 and angle of attack of 35 degrees. A
correlation study was attempted assuming that
the magnitude of the wake heating depends on
the resonant frequency in the cavity. The study
showed that the cavity peak, far wake and the
inside the cavity heating, are correlated well
with  the combined parameter of the Strouhal
number of the cavity resonant frequency and
length to depth ratio; Str/(L/D), if the
corrections of the effect of the boundary layer
thickness at the leading edge of cavity are made
for the heating. The results indicate a single
correlation line for the wake peak heating and
two clearly distinguishable laminar and
turbulent correlation lines for far wake heating.
These result show that shear layer instability
oscillation dominantly affect the amount of the
heat transfer and the transition within the cavity
and along the cavity wake flow.

1 Introduction

Estimation of local heat flux increase caused by
distortion on the surface, such as local severe
peak heating and strong heating wake flow
associated with dent or cavity, is essential for
the aerothermal design of hypersonic winged
vehicles.

In subsonic to supersonic flow region,
many studies on cavity characteristics have been
conducted because of their practical importance

relating to the resonance drag and noise
reduction in flight [1, 2, 3]. However, in
hypersonic flow region, in spite of its
importance to predict heating increase, caused
by such as the damage of the thermal protection
tile, not so many studies on the heating
characteristics have been conducted.

In our preliminary tests, strong heating
wakes occurred in complicated manner,
depending on the cavity geometry and free
stream conditions. Therefore, in order to
investigate cavity geometry effect on the
heating and transition characteristics, we
performed a parametric study, assuming that the
shear layer instability plays dominant roll on the
heating and transition characteristics of the
cavity wake flow.

2 Description of Experiment

2.1 Experimental Setup

For cavities on windward side of flat plates at an
angle of attack a = 35 deg, heat flux
measurement tests were conducted in the JAXA
1.27m hypersonic wind tunnel at a Mach
number 10, stagnation pressure P,=2.5 and
1.0MPa, stagnation temperature 7, = 640 -
740 °C. These test conditions, which give the
free stream Reynolds number Re. = 0.65 -
1.5%10%m, were selected as to make the flow
without cavity laminar, but to make flow with
cavity on the edge of the onset of the boundary
layer transition at the downstream of the cavity.

The flat plate model of 470mm length and
200mm width with interchangeable cavities was
used, as shown in Fig.l. The location of the
leading edge of cavity was fixed at Xz =
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131mm from the leading-edge of the model for
all test cases. For the material at the region of
the heat transfer measurement, a polyimide
plastic (Vespel®™) was used. And for the leading-
edge of the model two stainless steel noses of
Nose 1 and Nose 2 with nose radius Rn =
0.3mm and 3.0mm, respectively were used.

Cavity geometries used in the test: cavity
length L, cavity depth D and cavity width  and
the observed flow conditions at cavity far wake
region: laminar LAM and turbulent Turb, are
summarized in Table 1.
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Fig.1 Model Geometry

Table 1 Tested Cavity Geometries

L/D L D W Wake flow transition
Nose 1 Nose 2

Pe=1.0 Py=2.5 Py=1.0 Py=2.5

16 40 25 20 - Turb  Lam
8 40 50 20 Lam Turb Lam  Turb

20 2.5 20 - Lam - Turb
- Lam - -
4 40 10 20 Turb  Turb  Turb -
20 5.0 20 Lam Turb Lam  Turb
10 25 10 - Lam  Lam Turb
32 40 125 20 - Turb  Turb -
30 15 50 15 Lam Lam Lam
2 20 10 20 Lam  Turb  Turb
10 50 10 - Turb -
1.6 20 12,5 20 Lam  Turb -
1.5 15 10 15 Lam Turb Lam -
1.17 11.7 10 20 - Lam Lam  Turb
1.0 10 10 10 - Turb - -

2.2 Heat Transfer Measurement Procedure

The model was outside of the main flow before
running the tunnel and after 20 seconds from the
start of the run, when the fully constant

stagnation temperature was attained, the model
was injected into the main stream by high speed
injection system. The images of the model were
obtained using two infra-red (IR) cameras that
have 12 bit temperature resolution (AGEMA-
900LW). Lense of view angle of 20 was used
for the whole image of the model and lense of
view angle of 5 degree was used to take the
close up image for the calculation of heat flux.
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Fig.2 IR Images for Cavity Wake Heating

Heat transfer coefficients were derived by
the JAXA heat transfer measurement system
based on the Jones-Hunt method, whose
accuracy was fully examined through series of
tests [4]. The measured data from the close up
image by 5 degree lens for the sharp peak
heating is accurate enough although the heating
area is very close to the measurement limit
which depends on the limit of the pixel
resolution of the IR camera.

Schlieren photographs were also taken to
supplement the IR image data. However, the
shock and expansion waves around the cavity
were not visible.
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3 Experimental Results

3.1 IR Image of Heat Transfer Distribution

Examples of the obtained IR thermography
image (iso-heat flux image) are shown in Fig.2
for a) strong heating and b) weak heating. A
sharp peak heating at the immediate
downstream of cavity trailing edge and the
succeeding hot heating wake were observed.
The magnitude of heating level showed
complicated dependency on the cavity geometry
and flow conditions.

3.2 Centerline Heat Transfer Distribution

To compare the magnitude of heat flux ¢ in
different flow conditions, a modified Stanton
number St,, was used,

St = St/[Vp(1.0-T,/Ty)] (1)

where St = h/p,U, is Stanton number, h =
q/(CpTy-CpT,,) is heat transfer coefficient, V'p =
M. /NRe., is viscous parameter. The suffix o, 0,
and w indicate the values at free stream,
stagnation, and wall conditions, respectively.

For the cavity wake flow that follows
downstream of the peak heating region, three
heating levels of cavity wake flow were
observed. Fig.3 shows a plot of centerline heat
transfer distribution of Stm for the strong and
weak heating wakes. The strong peak heating,
observed at immediately downstream of the
cavity trailing-edge, has the magnitude of 3-7
times larger than that of cavity free flat plate
flow. Fig.4 shows examples of the case of
middle heating level. Most cavity wake flows
downstream of strong peak heating become
turbulent and most wake flows after weak peak
heating are laminar. However, the wake flows
after middle magnitude peak heating become
either laminar or turbulent flow.

Judging from these heat transfer
distribution we assumed that the wake flow is
turbulent when the heating level at far wake
region is larger than an assumed turbulent
heating level, i.e., Sz, >650 at X = 300 mm. In
Fig.6, and in all figures after Fig.10, we used the
solid and the open symbols for the test case in

which the far wake flows are turbulent and
laminar, respectively.

The heat transfer distribution without
cavity shows laminar flat plate heat transfer
distribution. For the case of the Nose 2 model
at Py=2.5MPa, because of the nose bluntness
effect, the earlier transition of boundary layer
occurred from near cavity trailing-edge position
(approximately X = 140mm) showing slight
increase of heating level. However, this onset of
transition seems to give little effect for the
present test results.
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Fig.3 Centerline Heat Transfer Distribution
(Strong and Weak Heating Wake)
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Fig.4 Centerline Heat Transfer Distribution
(Middle Heating Wake)

3.3 Heat Transfer Distribution in Cavity

Fig. 5 shows schematic cavity flow structure.
The heat transfer distributions at the cavity
bottom are shown in Fig. 6 for L/D= 4 cavities.
To compare the profiles of the heat transfer
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distribution, the distance from leading-edge of
cavity X-Xir is normalized by D.

The laminar heat transfer distribution
shows almost constant heating level region at
the upstream and increasing heating region at
the near trailing corner. The turbulent heat
transfer distribution shows three heating regions
which may show upstream corner vortex flow
region, one or two plateau heating region and
high heating downstream corner vortex flow
region, corresponding to the flow structure
inside the cavity as shown in Fig.5.

Shear Layer

Shock M

Fig.5 Schematic Cavity Flow Structure
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Fig.6 Heat Transfer Distribution
At the Cavity Bottom Surface

3.4 Flows around Peak Heating Region

As shown in the IR heat flux image of Fig 2,
heat transfer distribution shows complicated
heating patterns around the peak heating region
at immediately (1-2mm) downstream of cavity
trailing edge. From these heating patterns, the
flow structure at immediately downstream of
the cavity trailing edge were estimated.

The reference 5 and 6 categorize three-
dimensional separated flows into several types.
The first owl face type (OF1), the second owl
face type (OF2) and simple U-shaped (SU)
separations are shown in Fig.7. For most cases
in our test, a pair of peak heating was observed,
which may show that a tornado-like vortex is
induced near the reattachment of the separated
shear layer as shown in Fig.7.

Owl face Typel (upper), Type2(middle)
Simple U-shaped (lower) separation

Fig.7 Three-Dimensional Separation Categories
(Taken from Ref.5 and 6)

Fig. 8 shows the heat transfer distribution along
y axis for the flow with strong heating. Fig.8 a)
shows the distributions at 20 positions of every
Ax =0.37mm downstream from the peak heating.
Fig.8 b) shows the distributions at 10 positions
upstream from the peak heating.

Heat transfer distribution of Fig.8 seems to
correspond to that of the OF1 type separation
flow which shows small outside reattachment
peak heating along the outside of wake heating
region. For OF1 type separation, this wake
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boundary reattachment heating peak creeps up
to upstream along the cavity side edge as shown
in Fig.8 a) (see also Fig.2 a)).

Fig.9 shows the heat transfer distribution
for weak peak heating. This may correspond to
OF2 type separation judging from heat transfer
distribution dent along the wake boundary that
may show outside separation along the OF2
type separation flow. For this spanwise flat
heating distribution (without a pair of peak
heating), there is other possibility of the case
correspond to the simple U-shape type
separation.

As can be seen from Fig.8 and 9, the most
heating distribution is asymmetry. This may
come from the wall stream line pattern
asymmetry as shown in Fig. 4 of Ref. 6.
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4 Results and Discussion

4.1 Correlation of Wake Peak Heating

The estimation of the cavity heating level was
unresolved problem in previous preliminary
tests to obtain elementary HOPE design data [7].
We examined the dependency of cavity heating
level on the cavity geometry and the flow
parameters.

Ref.8 says, through the shear layer
instability, the cavity resonance frequency fe.v
plays important roll for determining the
magnitude of pressure oscillation in the open
cavity. In this study, we assumed that the shear
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layer instability also plays a dominant role in
determining the heating characteristics of cavity
wake flow, i.e., the cavity wake heating level
and cavity transition. In addition to the effect of
feav, We considered that the boundary layer
thickness at the leading edge of the cavity dy
plays an important roll to determine the shear
layer instability amplification. Based on this, an
effort to correlate the magnitude of the heat
transfer with f,,,, the ratio of L/dy and D/oy was
made.

In the following correlation study, for flow
parameters; velocity u, density p, Mach number
M and the Reynolds number Re, we used flow
conditions behind the oblique shock. For

viscosity x we used the Sutherland viscosity law.

4.1.1 Cavity Resonance Frequency

As we did not measure the cavity oscillation
frequency in the present experiments, we
examined at first which existing cavity
oscillation theory is better to apply to the
correlation study. In subsonic to supersonic flow
region, to predict the pressure oscillation, many
studies were made on cavity resonance
mechanism and semi-empirical and analytical
formulas have been reported [1, 2, 3 and 9].

Some recent studies show that the simple
acoustic resonance plays an important role in
the fluid-resonant cavity oscillations. In
hypersonic cavity oscillation measurement
study [10], comparison of spectral analysis of
the fluctuating pressures with the experiment
showed that the cavity oscillation frequencies
are accurately predicted using the simple
closed-box  acoustic  theory.  Supersonic
numerical study [9] showed that their numerical
results for the peak frequencies at M=1.83 and
the L/D=1 and 2 cavities agree with those of
standing wave theory.

In the present study, we selected the
oscillation frequency of the closed-box
acoustics models, as it gave better correlation
results than the frequency using the Rossiter’s
modified formula [2].

The closed-box acoustic modes are
modeled as the longitudinal modes in a box of
length L filled with air with stagnation speed of
sound ay [10]. The resonance frequency f; and

the corresponding Strouhal number Sz are
expressed as

Ji = (av/2L)n )

Str=fiL/u = [1+(/2)(-DM]"?/2M) n~ (3)

where n is the mode number of the oscillation
and r is recovery factor.

4.1.2 Boundary Layer Thickness oy Effect
Precise studies on the stability characteristics of
compressible mixing layer [11, 12, 13]
demonstrated that M, the velocity ratio and
temperature ratio of the two layers give large
influence on the instability amplification.
However, in the present study, M, is constant
(M=2.1 for a=35°), and because of the almost
stagnant flow inside the cavity, the velocity
ratio and temperature ratio are also almost
constant for the cavity shear layer. Therefore,
these parameters do not give detectable change
for the instability characteristics. Consequently,
we have to be looked for other parameters that
will show dominant influence on it.

In the recent numerical cavity wake
mode oscillation study [14], it is suggested that
the shear layer amplification is a complicated
function of M, L/6y, D/oy and Redy. In the
correlation study using existing experimental
heat transfer data [15], the parameter L/d) was
used and good correlation results are obtained.
Based on these facts, we considered that, in
addition to the oscillation frequency, L/J) and
D/oyare dominant parameters for the heating of
the cavity peak heating.

In this study, Jdp was estimated from
following approximation for flat plate flow [16].

) /XLER€XLEO'5 =

CwW?’[5.0+(0.2+0.9T,/ Ty (y-1)M’] (4)
where adiabatic wall temperature 7, and C,, are

T/ T=1+Pr" (-1)/20M° (5)

Cw = (puttw/ PLY)- (6)

for a Prandtle number Pr of 0.75 and the air
specific ratio y of 1.4.
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The rough dependency check of the present
data showed that the magnitude of the peak
heating increases mainly with increase of D and
with decrease of L/D for constant Reynolds
number and D. Considering this dependency
comes the 0Op effect on the heating, St, is
corrected by [(L/0y)/(D/3o)’]" .

4.1.3 Cavity Peak Heating Correlation Results.
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Fig.11 Peak Heating Correlation Based on the
Estimated Oscillation f,; (Nose 1)

Fig. 10 shows the correlation results of cavity
wake peak heating for the Nose 1 model;
Stu(L/50)"%/(D/6g)"%  versus  Straw/(L/D)’,
where the first mode of oscillation frequency
based on the closed-box formula /.5, is used for
the Strouhal number Stre (=feexl/u). The
modified Stanton number St, corrected by the
effect of L/dy and D/d) showed multi-correlation

lines, which depend on the first to 3rd frequency
mode. Based on this, we estimated the
frequency mode number n, for each data, and
defined new Strouhal number Str,. by
multiplying n,c to Strese (1€, for=nNpifeix,
Strp=npiStreny). Fig.10 1s re-depicted for the
Strouhal number Str,; in Fig.11.
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Fig.12 Peak Heating Correlation for the
Estimated Oscillation f,; (Nose 2)

Fig.12 shows the correlation results for the
Nose 2 model. Both Fig.11 and 12 shows a
single correlation line for the magnitude of the
wake peak heating, whether the flow is laminar
or turbulent.

This may show the fact that the oscillating
amplitude level at peak heating region, which
come from the shear layer instability oscillation,
follow the same character for all cases of cavity
geometry in the present test. Consequently the
impinging flow at the peak heating region has
the same character of oscillation amplitude.

4.2 Correlation of Far Wake Heating

The induced vortex at the immediate
downstream of cavity trailing edge will be
imbedded in the boundary layer and develop as
the wake flow with a pair of vortex. As it flows
downstream, the heating rate (S7,) approaches
constant level with flat y direction distribution
as can be seen from Fig.3, Fig.8 a) and Fig.9 a).
These tendencies may show the diffuse away of
the vortex core.

Assuming that the magnitude of the
heating at the far wake region is also related to
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the oscillation frequency of the peak heating
region, correlation using Str,, (which is used in
Fig.11, 12) are made for St,, at X = 215 mm.
And from the obtained multi correlation lines of
different oscillation mode for f,, we determined
the oscillation frequency mode number at far

wake region n, (1.€., fuk=nwifpk.)-
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Fig.13 Far Wake Heating Correlation with the
Estimated Str,x (Nose 1)
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Fig.14 Far Wake Heating Correlation with the
Estimated Str,x (Nose 2)

Fig.13 shows the correlation results of the
far wake heating for Nosl and Fig.14 shows the
results for Nose 2. St 1s the estimated
Strouhal number which corresponds to the
determined far wake oscillation frequency f,x.

For strong, middle and weak heating level
of far wake heating data as shown in Fig.3 and 4,
good two correlation lines, which may
correspond to the far wake laminar and
turbulent heating, are obtained. The L/6y and

D/oy correction is smaller than that in the cavity
peak heating correlation and the estimated f, is
1 - 3 times higher than the peak heating
frequency f,x. These results may show that the
instability in the wake develops following
different mechanism compared with the
instability at peak heating region which may be
directly related to the cavity shear layer
instability.

4.3 Correlation of Cavity Bottom Heating

4.3.1 Correlation result

It is interesting to know the relation between the
peak heating, the far wake heating and the
heating within the cavity.

In the same way as the determination of 7,
and f,; for cavity far wake heating, oscillation
mode number for cavity bottom heating 7.,
oscillation frequency for bottom heating f.,, (=
Neafpr) and the corresponding Strouhal number
Stre,y were determined. Higher mode of
oscillation and larger correction of the effect of
L/6y and D/o, are observed compared with those
for cavity peak heating. For correlation of cavity
bottom heating, St, of the plateau bottom
heating at upstream region is selected for the
correlation as shown in Fig. 6.

Cavity bottom heating correlation for Nose
1 model, shown in Fig.15, indicates two
correlation lines for laminar and turbulent
heating. Solid symbol in the laminar and open
symbol in the turbulent correlation lines should
be laminar and turbulent in the cavity flow,
respectively.

The correlation for the Nose 2 model,
shown in Fig. 16, indicates a single correlation
line for both laminar and turbulent cavity flow.
This difference between the Nose 1 and Nose 2
correlation cases may come from the fact that
difference of shear layer profile caused by the
nose bluntness effect. In the Nose 2 case, the
state of laminar or turbulent flow are not clearly
distinguishable from St,, level although there is
some consistency between the heating level in
the cavity bottom heating and the far wake flow
condition.
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In Fig.16, there are a few cases that deviate
from the correlation line. Further effort will be
necessary to clarify the reason for this low level
heating.
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4.3.2 Cavity wake transition boundary

It was the initial question when we started the
present study whether the unexpected wake
transition is triggered by shear layer instability
or cavity flow instability.

Hankey & Shang [8] showed in the
stability analysis that ‘Shear layers (with
inflection point in the velocity profile) are
unstable, but only for low frequencies;
feadou<l/4m’. Fig.17 shows Nose 1 -cases
plotted in the Reynolds number based on the

cavity depth Rep versus f.,,0/u. For some cases
of the cavity flow, as indicated in the figure, the
laminar/turbulent condition is different from the
far wake condition as explained in the
correlation results of Fig.15. All cases are
within the Hankey & Shang’s unstable range
(feaOo/u<1/4m). And there seems to be an
additional boundary: Rep~2750, which divides
unstable from stable for the cavity flow.

- Transition Boundary for Cavity Flow
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Fig.17 Transition Boundary Estimation for
the Cavity Bottom Heating

Fig.17 also shows that the transition
boundaries for far wake and inside cavity flow
are very close each other except a very low Rep
case. This fact seems to show that the stability
characteristics of the flow inside the cavity
gives large influence on the cavity wake
transition.

The constant value of Rep for the cavity
transition may show that the cavity transition
seems to be related to the cavity vortex
transition as the Rep indicates the Reynolds
number based on the cavity vortex core
diameter. Further study will be necessary to
clarify the transition within the cavity including
the examination of different mechanisms of
flow instability within the cavity such as the
centrifugal instability of rear end corner vortex
[17].

5 Conclusions

From a correlation study of the Mach 10 cavity
wake heat transfer measurement test for various
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geometry of cavities on the flat plate at an angle
of attack of 35 degrees, following conclusions
are obtained.

1) For the present experimental conditions, the
St of the cavity wake peak, cavity far wake and
cavity bottom surface heating with L/6y and
D/dy correction correlated well with the
estimated resonance frequency based on the
closed-box acoustics models.

2) For the magnitude of cavity peak heating,
correlation results showed a single correlation
line. This result will show that the amount of
wake peak heating may be caused by unstable
shear layer reattachment that have enough
oscillation magnitude to cause turbulent peak
heating.

3) For the heating at the cavity far wake region
and at the cavity bottom surface of the sharp
nose model, the correlation showed two laminar
and turbulent correlation lines. The transition of
the cavity far wake and inside cavity flow may
be mainly caused by the frequency and the
amplitude of the shear layer instability
oscillation.

4) For the blunt nose heat transfer correlation
inside the cavity, the correlation results showed
a single correlation line. This difference
between the blunt nose and sharp nose may
come from shear layer profile difference caused
by the nose bluntness effect. Further study for
the instability of the flow inside the
compressible high Mach number cavity flow
and cavity wake flow will be necessary,
including its influence on the transition and
heating mechanism.
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