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Abstract

This paper reports measurements of heat transfer
rates on a 12.849/70 straight biconic which is a
1.9 per cent scale model of an aeroassisted orbital
vehicle proposed for missions to a number of
planets. Measurements were obtained with the model
set at angles of attack of 0°9,59,159 and 21°.
Comparison with low enthalpy data by Miller et a1®
showed a limited correlation with the windward
data. The windward heat transfer correlations were
based on equilibrium flow in the shock layer of the
model although it is possible that the flow may
depart from equilibrium in the flow field. No
correlation of the leeward data has been attempted
because of the uncertainty of the establishment of
separated flow on the leeward side at angles of
attack. Similar uncertainty in regard to leeward
flow existed in Miller et al's data® also. All
the experiments were conducted in the Australian
National University Free-Piston Shock Tunnel T3.
Heat transfer distributions were measured using
palladium thin-film resistance gauges deposited on
MACOR glass ceramic substrate.

I. Introduction

There has been a resurgence of interest in the
study of aero-thermodynamic problems of hyper-
velocity flight with the proposed plans for
building aero-assisted orbital transfer vehicles
(AOTVs). These new generation of spacecraft will
be subject to prolonged radiative and convective
heating during their trajectory through low density
upper atmosphere at speeds ranging from 10 km/s to
5 km/s. It is important, therefore, to understand
the physical and chemical gas dynamic processes in
the flow over such vehicle configurations. One
such is the 'on-axis' biconic configuration shown
in Figure 1.

A comprehensive data base on biconics, both on-
axis and bent nose, have been built up by the NASA
Langley Research centre in recent years,'?2*32%°5
This includes both computational and experimental
studies of aerodynamic coefficients, pressure
distributions, shock shapes and heating rates. The
experimental studies have been carried out in
conventional hypersonic wind tunnels and the
Langley Expansion tube® which simulates hyper-
velocity real gas flows but whose capability is
still not sufficient to simulate re-entry flight
conditions of AOTVs. The ANU Shock Tunnel T3, on
the other hand, is capable of producing flows at
much higher enthalpies than any other facility
currently available and as such is better able to
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simulate AOTV re-entry speeds and temperatures
(see Fig.2).

The paper presents measurements of heat transfer
rates on a 12.849/7° straight biconic model as
tested in the ANU T3 Shock Tunnel at stagnation
enthalpies of 26 MJ/kg or an equivalent flight
speed of 7.2 km/s. Both air and nitrogen were used
as test gases. The model was tested at angles of
attack, 0°,50,15% and 21° and heat transfer
measurements were taken on both windside and
leeside of the model. The basic aim of the work is
to establish the heat transfer data base to higher
enthalpies unavailable at present.

II. Facility, Model and Instrumentation

Facility. The ANU T3 Shock Tunnel was used in the
present experiments in the reflected mode. In
this mode of operation the reservoir of test gas
created by the passage of an incident and a
reflected shock, undergoes an unsteady expansion in
the shock tube prior to its steady expansion in a
hypersonic nozzle. The reflected mode of operation
has the beneficial effect of increasing the
uncontaminated test time by drawing back the driver
gas from the nozzle entrance. The method results
in a drop in stagnation pressure when the reflected
shock encounters the driver gas but, after a short
interval, when the reflected shock has been
attenuated by the following unsteady expansion, a
plateau is reached in the stagnation pressure which
provides a steady flow test time. The driver gas
(Helium) volumetric compression ratio, which is a
fundamental operating parameter, was maintained at
60 which has been found to give sufficient period
of uncontaminated steady flow and the variation of
stagnation enthalpy is achieved simply by varying
the initial shock tube pressure.

A conical nozzle of 7.5° half angle with exit
and throat diameters of 305 mm and 12.7 mm was used
to generate the free stream. The model was placed
off-axis in the 200 mm inviscid core with its nose
just upstream (-40 mm) or downstream (+10 mm) of
the nozzle exit plane, depending on incidence.

Model. The model used is a 'straight' or 'on-axis'
biconic which is a 1.9 per cent scale model of a
proposed aero-assisted orbital transfer vehicle
(Fig.1). The model is made of stainless steel
except for the nose which is made of MACOR, a
machinable glass ceramic. On its body five slots
are machined to locate instrumented inserts each
of which consists of eight thin film resistance
gauges deposited on the MACOR substrate. The thin



film gauges and the associated constant current
supplies were made and supplied by NASA, Langley
workshops.

Instrumentation. The thin film resistance gauges
are made of palladium and are approximately

0.12 pym thick and in the form of a serpentine
pattern providing a sensing area of 1.02 mm x

1.27 mm. A coating of acrylic lacquer of about
0.2 ym thick was provided to the gauges to protect
them from ionisation effects, especially with air
as test gas. Tests were carried out to monitor
the temperature of gauges with 0.2 um coating and
a non-coated gauge, placed side by side. These
indicated that once the initial layer of ionised
gas has passed over, both the gauges yielded the
same value of temperature. This indicated that the
presence of the coating did not seriously
influence the thermal response of the gauge and
hence the heat transfer rate.

A constant current of 2 mA was applied to the
gauges and the voltages across the gauges were
input to high impedance amplifiers. The output
from the amplifiers was then recorded on two eight
channel Le Croy 2264 transient recorders which
sampled each channel every 25 ys (i.e. 400 kHz).

There was no electronic filtering of the signal
other than the 100 kHz bandwidth of the impedance
matching voltage followers which supplied the
transient recorders.

Data were collected from the recorders through
an IEEE 488 bus for the Macintosh PC and then
numerically processed.

III. Computation of Heat Transfer Rates

and Data Accuracy.

Computation of Heat Transfer Rates. All heat
transfer rates are calculated by numerical
integration of temperature traces on a Macintosh
PC using the semi-infinite one dimensional heat
transfer model and neglecting gauge and
insulation thickness effects. These assumptions
lead to the following relation:

. 2 n -
am = oo 2 EQ) - BU- 1)4% (1)

i=1 (n- 1) +(n i+1)
(see eqn. 83, Schultz § Jones®)

where g = heat transfer rate (w/m®),
Eo= voltage across the gauge,
= (pck)’Z = thermal product of the substrate,
and uR- temperature coefficient of resistance.

The values of ap and § were obtained by direct
calibration and were found to be in excellent
agreement with Miller et al® data. In particular
the values used 1n the calculations were:

B = 2004 W sec’s/m?K; og = 2.23 x 1073 /K.

The calculated heat transfer rates are
corrected to account for the variation of thermal
propertles of MACOR substrate using the relation
glven by Miller et al®

-k
= q(m) (1 + 6.38 x 107ATy) (2
Accuracy of the Data. Previous heat transfer
studies made in this facility®have estimated
Stanton number accuracies of better than 20 per
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cent. This was arrived at from identifying errors
in the measurement of stagnation enthalpy (% 10%),
stagnation pressure (* 5%) and the recording
instrumentation (% 5%). Based on the same
criterion, but noting that the present gauges and
recording instrumentation are the same as those
used by Miller et al® albeit some modern data
processing, the accuracy of the gauge and recording
instrumentation is taken to be nearer *5% rather
than *+ 10% assumed by Miller et al5. On this basis,
the overall accuracy of heat transfer data is
expected to vary between 10 to 20 per cent. Error
bars of * 15 per cent have therefore been ascribed
to the data.

IV. Test Conditions.

Test conditions are obtained by calculating the
nozzle reservoir conditions from the measured
shock speed and reservoir pressure, taking the gas
to be in thermodynamic equilibrium, and subsequent-
ly calculating the non-equilibrium flow through the
conical nozzle by the one-dimensional flow method
of Lordi, Mates § Mosellel®. The free stream
conditions at the exit of the nozzle obtained in
this way are shown in Table 1. Extensive measure-
ments by Stalker et alllmade in the shock tunnel
T3 have confirmed that the calculated free stream
velocities and stagnation enthalpies are realised
in the test section.

In the present experiments, the flow period in
which the steady state heat transfer occurs is
between 250 pus to 400 us after the arrival at the
model of the nozzle starting shock. A plateau in
stagnation pressure also occurs between 250 ys to
400 ys after shock reflection. A typical
stagnation pressure and heat transfer trace are
shown in Figure 3.

The conical nozzle flow results in decreasing
pitot pressure along the axis and hence along the
length of the model. The effect of flow angularity
would be expected to have the largest effect at
higher angles of attack when the model occupies a
greater proportion of the inviscid core. This was
thought to result in large variations in measured
heat transfer. However, as Fig.4 shows, the
variation of pitot pressure within the region of
the model locations is less than 8 per cent. The
heat transfer variation for a stagnation point on
a sphere in the same region is less than 4 per
cent. It is, therefore, assumed that effects of
conicity of the nozzle on heat transfer date have
not been serious.

V. Results and Discussion.

Windward Data. Figures 5 and 6 show the heat
transfer data presented in terms of the ratio
(9/4spn) where qgph is the heat transfer rate at
the sgagnation point of a sphere whose radius is
equal to the nose radius of the biconic. qgph
was calculated from the empirical expression

. t,. h
4sph = KC“EQ'Z (he- hw)

.. (3)
where Pt (atm) is the stagnation pressure behind
the bowshock at the spherical nose;
(MJ/kg) is the corresponding stagnatlon
2 enthalpy,
h,(MJ/kg) is the wall enthalpy;
rn(m) is the spherical nose radius.



The proportionality constant K varies depgnding on
the test gas. It is 0.1113 kgs"m‘a/zatm'/2 for air
and 0.112 kgs™'m %/ 2atm % for nitrogen. Expression
(3) has been used by Miller et al® and was
originally proposed by Sutton and Graves'? for
equilibrium stagnation point convective heat
transfer rate to a sphere in a medium of arbitrary
gas mixtures.

In applying eqn.(3) in the present case, certain
simplifying assumptions have been made. Firstly, in
the shock layer at the nose behind the bow shock,
we have taken the recovery enthalpy h, as
approximately the same as the free stream
stagnation enthalpy hg. This, of course, assumes
equilibrium flow in the shock layer. In reality,
it is possible that a significant proportion of
the free stream enthalpy is locked up as frozen
chemical enthalpy. If, after passing through the
bow shock, the flow remains frozen, then
hy<ht, (=hg) and the value of qsph as obtained from
eqn. (3) would be an overestimate.

We note from Figures 5 and 6 that the present
data and the low enthalpy (~16 MJ.kg) NASA data®
correlate reasonably well especially at higher
angles of attack. The correlations are particu-
larly better on the aft cone.

An equally good correlation is obtained if we

use (St €L ) as a correlating parameter. Figures 7
Singeff

and 8 show these results. Here Rep is the Reynolds
number based on free stream mass flow per unit area
and viscosity based on conditions behind the bow
shock. Such a Reynolds number has been used to
correlate stagnation point heat transfer rates.
This Reynolds number is used because, to a first
approximation, the flow downstream of a hypersonic
bow shock wave is independent of the temperature
(hence viscosity) ahead of it. This means that
any necessity of quoting the free stream Reynolds
number of the tunnel is eliminated as this can
vary widely without substantially affecting the
Reynolds number of the flow over the body. Again,
inclusion of Sinfgef term takes into account the
angle of attack effects’ St is the Stanton number
based on freestream mass flow per unit area and the
stagnation enthalpy (=4/p_v,_ (hs~ hy).

Leeward Data. Leeward heat transfer rates for
angles of attack ranging from 5° to 21° were
measured during the experiments but only 15° and
21° results are presented here as these give some
indication as to the behaviour of separated flow
on the leeward side at these angles of attack.
Miller et al® have shown, from detailed experi-~
mental data from a continuous hypersonic tunnel,
that the flow on the leeside of a straight biconic
is separated when the fore cone angle of attack (o)
is greater than the fore cone half angle (8.).
Stetson'®suggests a criterion for incipient
separation which is 6%20.7 for a cone at angle

of attack in hypersonic flow. On this basis, in
the present instance, the incipient separation
would occur at about 10°. Thus, tests with 15°
and 21° incidence should give an indication of
the nature of the separated flow on the leeside,

It must be stressed, however, that it is not
completely certain that the leeside flow is at
all established during the few hundred microseconds
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of uncontaminated steady flow of the shock tunnel.
Another reason for the uncertainty in leeside test
data is the low output signals compared to the
electrical noise. For these reasons, the leeside
data should only be considered as indicative at
best.

Figure 9 shows measured heating rates on the
most windward and leeward sides for nitrogen.
These results show that the fore cone windward
heating rates are about 8 to 10 times the leeward
heating rates for both angles of attack. These
core results are similar to those of Miller et al®.
On the aft cone, while the 21° angle of attack
windward heating rates are about 4.5 to 5 times
the leeward heating rates, the 15° angle of attack
results show that windward and leeward data are
much closer. The air results too showed similar
trend.

The probable reasons for the difference in the
15° and 210 leeside results are the nature of the
vortices and leeside flow separation. With the
moderate angle of attack (15°), the two counter-
rotating longitudinal helical vortices emanating
from the nose region °, being close to the surface,
interact with the shear layer and a vortex break-
down may occur. The effect of vortex break-down
is an increase in the size of the vortex cores
resulting in a stronger mutual interaction as well
as interaction with the flow near the surface.
This presumably results in higher heat transfer.

When the angle of attack is sufficiently large,
as at 219, the vortices are generated further
upstream near the nose and are not as close to
the surface on the aft cone so that their
interaction with the separated shear layer is
weak and the vortex break-down may not occur, thus
resulting in lower heat transfers.

Effects of Non-Equilibrium. In a reflected shock
tunnel, the free-stream is produced by a steady
expansion of the test gas in a hypersonic nozzle
from a reservoir in thermodynamic equilibrium.
However, for sufficiently high enthalpies the
nozzle freezing phenomenon results in a free
stream which is not in equilibrium. In the
present instance, the free stream consists of
(almost all) dissociated oxygen and some atomic
nitrogen. This results in a decrease in free
stream velocity due to the chemically absorbed
energy and an increase in the value of vy due to
increase in the number of particles with only
translational degrees of freedom. This has an
influence on the density ratio across the shock
and the post shock flow in the shock layer of
the body.

In presenting the data above, we have assumed
that the recovery enthalpy h, is approximately
the same as the free stream stagnation enthalpy.
This, of course, assumes equilibrium in the shock
layer. 1In reality, it is possible that a
significant proportion of the free stream enthalpy
is still locked up as frozen chemical enthalpy.
Thus, if after passage through the bow shock, the
flow remains frozen, then hy<hg and the shock
layer flow will be in non-equilibrium.

To throw some light on this situation, heat
transfer data was obtained at stagnation
enthalpies which were nominally close to those of



Miller et al® and was compared with their data
assuming non-equilibrium in the shock layer and
using recovery enthalpy hy instead of hg. In other
words, including the effects of frozen chemistry.
Figure 10 shows the results with air as test gas.
This shows some interesting features. The fore
cone data seem to agree very well suggesting flow
non-equilibrium possibly exists both in the present
case as well as in Miller et al5. The aft cone
data seem consistent with equilibrium type of flow.
In Fig.10the heat transfer data are presented in
terms of (St(g/n)%/V*sinBess) because normal

shock density ratios in the two cases are different.

Here St is the Stanton number (=q/PuVe(hs- hy)),

P, /Pothe normal shock density ratio and

V*(= Mg/C*/Re,) is the rarefaction parameter. The
inference from these results would suggest that the
flow in the shock layer of the fore-body is likely
to be in non-equilibrium. Although in making
comparisons like shown in Fig.10 the nominal
stagnation enthalpies in the present tests and
Ref.5 are not far different, other flow properties
such as free stream density, temperature, velocity
and Mach number are very much different. It is,
therefore, likely that some of the differences
observed in the two sets of data are to some extent
attributable to these differences although it is
difficult to single out the effect of each of them
on the data.

Non-equilibrium in the Boundary Layer. If the
characteristic time (ty) required for atom
recombination is much smaller than the time
required for atom diffusion across the boundary
layer (t4), then the boundary layer is in
equilibrium so’ that the recombination is completed
before the atoms have time to diffuse to the cold
surface. This sets an upper limit to the surface
heat transfer. For this case, the catalycity of
the surface has no influence as regards surface
heat transfer. If, on the other hand, the
characteristic time ty is so large that no
recombination can occur before the atoms have
diffused to the surface, the boundary layer is in a
frozen state. This is usually characterised by the
Damkohler number Dg which is the ratio td/ty so tha

Dg—roo
Dg—>0

In the case of a partially or completely frozen
boundary layer, catalycity of the surface can be
important in regard to surface heating. Thus, for
a fully catalytic surface, all atoms that diffuse
to the surface can recombine there, releasing their
chemical energy on the surface and thereby enhanc-
ing the heat transfer rate. If the surface is not
fully catalytic, the heat transfer rate is reduced
because of the slowness or total absence of surface
recombination. A completely frozen boundary layer
on a fully non catalytic surface, therefore,
represents a lower bound on surface heat transfer.
Similar to boundary layer Damkohler number Dﬁ’ one
can define a surface Damkohler number Ds(= %EJ

(equilibrium)

(frozen).

where tg is the characteristic surface reaction

time. Then
Ds » = - fully catalytic
Ds - 0 - fully non-catalytic.

Glossy materials such as pyrex, quartz generally
exhibit non-catalytic behaviour while metallic
surfaces are generally catalytic.

Attention was, therefore, given to possible
surface catalycity effects because of the stainless
steel model and MACOR substrate of the gauges.
Tests conducted with and without non-catalytic
cover (2 pm thick acrylic lacquer coating on the
model) showed no change in heat transfer results.
The assumption is, therefore, made that the heat
transfer data here pertain to a non-catalytic
surface.

As a further confirmation, the gas phase
Damkohler number in the boundary layer Dg was
calculated using the expression given by East et
al® based on the reaction

0+0+M~+0, +M
N+N+MsN, + M

which gave values of Dg of the order of 3.5 x 10'2
based on the conditions behind the equilibrium bow
shock and assuming the velocity at the edge of the
boundary layer to be approximately the same as the
free stream. This suggested that the boundary
layer was frozen. Also, extensive heat transfer
study on a flat plate in this facility ° has shown
that surfaces such as aluminium and steel (Si0O;
coated) were non-catalytic under flow conditions
similar to these.

- for air, and

- for nitrogen

VI. Conclusions.

Measurements of heat transfer are described on
a 12.849/7° straight biconic which is a 1.9 per
cent scale model of an aero-assisted orbital
transfer vehicle proposed by the NASA for
planetary missions.

The primary objective of the present investi-
gation was to establish a heat transfer data base
to higher enthalpy flows than has been hitherto
possible. Extensive comparisons have been made of,
the present windward data and that of Miller et al
to show that data obtained in two different types
of facilities can be correlated.

Some leeward data has been presented but no
correlation of this data has been attempted
because of the uncertainty of the establishment of
separated flow on the leeward side at angles of
attack.

Effects of flow non-equilibrium on the data
obtained have been discussed and it is shown that
the data obtained in equilibrium and non-
equilibrium flows could be correlated when
non-equilibrium effects are taken into account.

The present data are the first detailed
measurements to be obtained under these extreme
conditions. By showing that they correlate
reasonably adequately with the lower enthalpy data
obtained by NASAS, it is shown that the data base
can be extended to higher enthalpies quite reliably
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Table 1.
(a) Free-stream Conditions at the Exit Plane of the Nozzle.
Test | Stagnation | Stagnation | Freestream | Freestream | Freestream | Freestream | Freestream | Freestream| Rarefaction Y
gas | enthalpy pressure pressure density temperature velocity Mach number ReynoldsNa} Parameter £
h (MI/kg) p, (atm) p(atm) P, (kg/m*) T (K) U (km/s) M, Re_/m v
Air 26.36 137 0.00424 1.059x1073 1137 6.113 8.01 1.45x10° | 0.085 1.473
itrogen| 26.12 137 0.00365 1.124x1073 944 5:875 8.57 1.69x10° | 0.053 1.46
(b) Post Normal Shock Flow Conditions (assuming equilibrium).
Tezz htz Ptz th hy, qsph Normal shock density
& (MI/kg) | (atm) | (K [MI/kg)| (M/m?) ratio
{p2/p,)
Air 23.36 0.392 | 9246 |0.30 29.25 11.8
Nitrogen | 26.12 0.370 | 9.389 {0.31 29.19 11.34
(c) Mole Fractions.
Test N2 N E 0z 0 NO Ar
gas
Air 0.602 | 0.052 }2.09E-6 [2.17E-4 [0.337 |3.20E-4 7.50E-3
Nitrogen [0,702 | 0.298 |1.64E-5 - - - -
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Fig.l  Straight on-axis Biconic Model. Dimensions in cms.
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Fig. 2 ANU T3 Shock Tunnel Capability for AOTV simulation.
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