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Measurements of heat transfer to a flat plate in a
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Heat-transfer rates from a non-equilibrium hypersonic air flow to flat plates at zero
and 12° incidence have been measured in a free piston shock tunnel at stagnation
enthalpy levels up to 51 MJ kg—!. Nozzle flow conditions resulted in test section
velocities up to 8-1 km s™! and in an experimental regime in which the free stream
was chemically frozen and the flat-plate boundary layer was laminar. Estimates of
the gas-phase and surface-reaction Damkohler numbers have been made and the
heat-transfer results are discussed in this context. At the highest test-section densities
non-equilibrium endothermic gas phase reactions involving oxygen atoms in the
boundary layer are suggested as a possible mechanism for the observed low heat-
transfer rates.

1. Introduction

Heat transfer from non-equilibrium hypersonic flow of high temperature chemically
reacting air has been shown to be of importance in determining the aerodynamic
heating to which re-entry vehicles of the space-shuttle type are subjected; see for
example the work of Rosner (1963), Lordi, Vidal & Johnson (1971) and Bray (1970).
Non-equilibrium stagnation point heat transfer has been studied extensively both
theoretically and experimentally but relatively few studies exist of flat-plate heat
transfer. It is the purpose of the present work to present results of an experimental
study of the heat transfer to a flat plate through a non-equilibrium laminar boundary
layer in air at Mach numbers in the range 7 to 10 and with free stream stagnation
enthalpies and flow velocities up to 51 MJ kg—! and 8-1 km s~! respectively.

The reported experiments, which were performed in the Australian National
University ‘T3’ free piston shock tunnel, do not aim to simulate a particular flight
condition since they were performed under conditions of chemically frozen nozzle
flow. They are non-simulation experiments and were designed to explore the physical

1 Previously at the Department of Physics, School of General Studies, Australia National
University, Canberra.
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phenomena associated with non-equilibrium heat transfer at values of stagnation
enthalpy, Reynolds number and Mach number relevant to flight in the atmosphere,
and as a test of theoretical prediction methods.

For the flat-plate laminar boundary layer studied, the free stream at the boundary-
layer edge consisted of a mixture of both atomic and molecular oxygen and nitrogen,
even though the free-stream translational temperature was sufficiently low that
equilibrium real-gas effects would have been small. At the highest enthalpies, up to
359, of the stagnation enthalpy was frozen as chemical enthalpy of the atomic oxygen
and nitrogen. The criteria which determine whether the frozen free-stream chemical
enthalpy is recovered, thereby increasing the surface heat transfer rate, are the gas
phase and surface reaction Damkohler numbers. These criteria, which control the
departure from equilibrium of gas-phase reactions within the boundary layer and of
surface reactions at the wall, are considered from the point of view of the reported
experimental results. In most conditions, gas-phase recombination within the boundary
layer was frozen and the extent to which the surface heat transfer is affected by surface
recombination is dependent on the surface material and whether, or not, it is catalytic.
The reported experiments aimed to determine the extent, if any, of the contribution
to the heat transfer caused by catalytic surface effects.

2. Apparatus

A free piston reflected shock tunnel, the design and operation of which has been
described by Stalker (1972) was used to provide the high enthalpy test gas for the
heat-transfer experiments. Much higher enthalpies than obtained in conventional
reflected shock tunnels are achieved as a consequence of preheating of the driver gas
(usually helium) by means of a free piston driven by compressed air.

For the reported tests stagnation enthalpies from 2-0 MJ kg—! to 51 MJ kg~! gave
nozzle flow conditions ranging from perfect gas behaviour to a free stream in which
oxygen was fully dissociated and a significant mole fraction of atomic nitrogen
existed. A range of stagnation pressures from 54 to 430 bar was used. The test medium
for the reported experiments was air drawn from the laboratory into a previously
evacuated shock tube. A summary of the principal test conditions is given in tables 1
and 2.

Two nozzles were used to expand the heated test gas to hypersonic Mach numbers.
A 15° total angle conical nozzle with an exit diameter of 0-305 m and interchangeable
throats of diameter 0-635 em and 1:27 em provided test-section Mach numbers in
the range 7-3 to 10 depending on the stagnation enthalpy level and the stagnation
pressure. Higher test-section densities and a Mach number of 5 were obtained by
using a contoured nozzle with a throat diameter of 2-54 cm.

Surface heat-transfer measurements were made using two models:

(a) 0° incidence flat plate 0-456 m long — plate 4;

{(b) 12°incidence flat plate 0-185 m long - plate B.
Both models had sharp leading edges (< 0-05 mm) and the layout of the plates,
together with the positions of the heat transfer sensors, is shown in figures 1 and 2.

Plate 4 was manufactured from aluminium and its planform was chosen to be within
the inviscid nozzle core. Undersurface side walls were fitted in the nominal source
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(a)

Nozzle
15-2cm
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Flow 5. 7 '
direction cm
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\_ 440cm—————"]
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O

()

Nozzle exit

30-5 cm diameter

FI1GURE 1. Zero incidence flat plate showing position of heat transfer sensors and orientation of
plate with respect to the nozzle. (a) Plan view of plate A ; (b) front elevation; (¢) end elevation.

flow stream direction to prevent undersurface cross flow from affecting the upper
surface flow.

Plate B was machined from mild steel and incorporated demountable (15-25 x 7-6 cm)
inserts on the centre-line as shown in figure 2. Two inserts were manufactured from
stainless steel. One was subsequently vacuum coated on its upper surface with a
layer of silicon dioxide of approximately 1 um thickness to act as a non-catalytic
surface coating. The leading edges of the inserts were positioned 3-4 cm downstream
of the plate leading edge.

The surface heat-transfer measurements were made using vacuum deposited thin-
film surface resistance thermometers developed by McCaffrey, East & Stent (1975).
Nickel resistance thermometers of nominal thickness 0-05 ym were vacuum evaporated
onto the ends of 6 mm diameter quartz rods, the surface of which had been prepared
by either optical polishing of flame polishing. Protection from erosion and any elec-
trical conductivity of the test gas was obtained by evaporation of a 0-5 um protective
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Mild steel plate B

Flow ¢ | 2'§cm
Ll I A — e O

1 2:3cm
1

\ Demountable stainless
steel plate either

(a) uncoated or

(6) Si0, coated

4-4 cm

10-6 cm
17-1 cm

Figure 2. Surface of plate B showing gauge positions ~ 12° incidence, plan view.

coating of silicon monoxide which was allowed to oxidize to silicon dioxide. The
gauges were mounted in Delrin mounts and inserted flush with the plate surface.
The constant current supply for each of the heat-transfer sensors was obtained using

the circuit described by Shultz & Jones (1973). Voltages across the gauges could be
set at identical values irrespective of the gauge resistance. The outputs of the resistance
thermometers were fed to T-type RC analog circuits, the outputs of which were
proportional to the surface heat transfer rate ¢,,. The value of ¢,, was obtained from
the relationship '

. 2 (pck) Vi)~ T,

du(t) = (R’C)} o VO s (1)

where ¥}, is the initial voltage across the gauge, V(f) is the voltage at time ¢, p is-the
density of the substrate, ¢ is the specific heat of the substrate, k is the thermal con-
ductivity of the substrate, o’ is the temperature coefficient of resistance of the nickel
film, and R’ and C are the component values of resistance and capacitance used in
the analogue network. For the circuit used R’ = 5 kQ, € = 0-01 u4F.

Calibrations of the resistance thermometers were made for ' for all gauges by
measuring the resistance change when slowly heated in a bath of silicone oil and for
(pck)} by differential repetitive heating in air and silicone oil using a method described
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Fieure 3. Copy of ¢, and p, oscillograms (b, = 21-9 MJ kg—1).

=

by McCaffrey et al. (1975). Variations of ' between 0-0008 per °C and 0-0018 per °C
were observed for different batches of gauges. The values of (pck)? were in agreement
with results published by Schultz & Jones (1973) within the limits of accuracy of the
calibration method. The value used in the reduction of data was (pck)t = 0-151J
em—2 s~ for all gauges. The heat-transfer sensor outputs were displayed on Tektronix
R561B oscilloscopes and photographed.

3. Surface heat-transfer measurements

Heat-transfer data were obtained for the set of tunnel operating conditions given
in tables 1 and 2 for the zero (plate 4) and 12° incidence flat plates (plate B). A com-
plete set of data for a given operating condition was obtained from a single tunnel run.
A typical oscillogram showing the tunnel stagnation pressure and the surface heat flux
is shown in figure 3. The outputs were reduced to heat-transfer rates in kW m—2 using
equation (1) and typical results are shown in figure 4. The variation of ¢, in the
streamwise direction is compared with the predicted variation of ¢, oc -t for a
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Ficure 4. Typical flat plate heat transfer data for zero incidence plate 4. ¥V, Run 4+; ©, run
B;[l,run D; A, run E; g, run F; ¢, run G <&, run H; — — -, mean line through data points.

Run types A+ to H defined in table 1.

laminar boundary layer in figure 4. The experimental values show a stronger inverse
dependence on x which is attributed to the conical nozzle source flow effect. It is
observed that the experimental range of conditions resulted in values of ¢, varying
by more than two orders of magnitude.

4, Test-section flow characteristics and reduction of data
4.1. Flow starting time

The times available for heat-transfer measurements, which are limited by the times
required to start the nozzle flow and for boundary-layer establishment and are
terminated by the arrival of the helium driver gas, were deduced from the surface
heat-transfer rate oscillograms. Figure 3 shows a typical record on which is indicated
the forward facing shock and subsequent rearward facing expansion which propagate
through the nozzle and form the typical nozzle starting wave system as described by
Smith (1966). The arrival of the head of the rearward-facing expansion may be re-
garded as the termination of the nozzle starting process. However, the process by
which the boundary layer reaches a steady state may be considered as similar in
many respects to that which occurs on a flat plate in a shock tube after the passage of
the incident shock wave. For the nozzle conditions, the rearward-facing expansion is
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Fioure 5. Zero incidence flat plate flow starting time. — — —, Plate starting time ¢ = x/0-3u
(Davies & Bernstein 1969); — — —, 10 %, helium contamination by number density (Crane 1975);

— ———, 509, helium contamination by number density (Crane 1975); /////////, drainage
time estimate. +, experiment, plate starting time; O, experiment, nozzle plus plate starting
time.

steep fronted and may be considered as the equivalent of a shock wave. The subsequent
transition from a thin non-steady boundary layer with relatively high surface heat
flux to a steady boundary layer with a lower steady-state heat flux is similar to that
described by Davies & Bernstein (1969) who have suggested an empirical relation for
the time ¢ required to reach a steady state given by ¢ = x/0-3u, where z is the plate
length and u is the external flow velocity.

Experimental data shown in figure 5 demonstrate good agreement with the empi-
rical prediction of the plate starting time. Also shown is the total nozzle plus plate
starting time, together with estimates of the tunnel running time based on (i) drainage
time of the hot gas and (ii) the earlier arrival of helium driver gas as detected by test
section mass-spectrometric sampling reported by Crane (1975). The earlier arrival of
helium is attributed to the reflected shock bifurcation which occurs on its interaction
with the wall boundary layer in the shock tube as suggested by Davies & Wilson
(1969). Stalker & Crane (1978) have shown that this effect can be used to predict the
observed onset of helium contamination at the high values of shock Mach number
appropriate to the high enthalpy conditions.
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The evidence from the starting time and mass-spectrometer investigations is
summarized in figure 5. This suggests that steady state contamination free heat-
transfer measurements should just be possible at stagnation enthalpy levels of
20 MJ kg~! but that some contamination of the test gas with helium will occur before
a steady state is established at enthalpies in excess of this value.

4.2, Test-section flow characteristics

The reduction of the measured surface heat fluxes to non-dimensional Stanton
number § requires a detailed knowledge of the test-section density, velocity and
recovery enthalpy. In addition, the test-section temperature is necessary to obtain
the viscosity required in the calculation of local Reynolds numbers. The detailed
test-section data on which all subsequent data reduction has been based are sum-
marized in tables 1 and 2. These data have been obtained at a reference position
4:5 cm downstream of the nozzle exit and an allowance for nozzle source flow effects
at other positions in the flow from the 7-5° semi-angle conical nozzle has been made
as described later.

The stagnation enthalpy was calculated from measurements made in the shock tube
of shock speed and pressure. Pressure measurements were made using Kistler piezo-
electric transducers with a suitable protective covering to minimize thermal influence
on the outputs. Shot to shot repeatability over a long period of time resulted in
pressure levels repeatable to within + 129, of the mean. Calculations of the reflected
shock conditions were based on an equilibrium real air model using measured values
of the initial shock-tube pressure and temperature. An isentropic expansion (or
compression) from the reflected shock pressure to the measured pressure after shock
reflexion was assumed in order to calculate the stagnation enthalpy and to account
for departures from the tailoring condition.

The test-section velocity was deduced from interferometric measurements behind
normal shock waves ahead of circular cylinders and from oblique shocks on wedges.
Together with test section measurements of pitot pressure p,, measurements of the
test-section density p, may be used to deduce the free-stream velocity u.,, using the
relationship u,, = (p,/0-90p,,)t. Measurements were made over a range of stagnation
enthalpies and have been compared with non-equilibrium nozzle flow predictions
using the method of Lordi, Mates & Moselle (1966). Vibrational non-equilibrium has
been included in the prediction method. These results, shown in figure 6, have been
reported by Stalker & Stollery (1975). The analysis which results in the test section
velocity assumes that the composition of the test gas is air. If contamination by the
helium driver gas is assumed, the theoretical predictions of fringe shift at high test-
section velocities suggest that ambiguous interpretations of these measurements are
possible. Since Crane (1975) has detected the early arrival of helium in the test-section
by mass-spectrometer measurements, the test-section velocity measurements should
be treated with caution at enthalpies in excess of about 25 MJ kgL

A further inaccuracy which could affect the test-section velocity isradiative enthalpy
loss from the reservoir gas. Calculations suggest that this is unlikely to be significant
for running conditions up to stagnation enthalpies of 40 MJ kg-1 at 250 bar.

Direct measurement of the nozzle flow static temperature is difficult and has not
been attempted. In order to predict the test-gas viscosity, the static temperature
has been predicted using the non-equilibrium nozzle flow program including the effect
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Fi1GUure 6. Test section flow characteristics, see Stalker & Stollery (1975): (a) Velocity and
enthalpy; (b) normal shock equilibrium fringe shift. , theory, 0%, helium contamination;
———, theory, 40%, helium contamination; — — —, theory, 809% helium contamination;
—.—, test section static enthalpy %.,. é, Experiment, oblique shocks; i, experiment, normal
shocks; }-%—1 , experimental fringe shift.

of vibrational non-equilibrium. Measurements of the oxygen and nitrogen dissociation

fraction in the frozen free stream by Stalker & McIntosh (1973) confirm the validity

of this method for predicting test section composition and suggest it may be used to

estimate the static temperature providing the reservoir conditions are helium free.
The frozen ratio of specific heats may be written as

Vs = (1+57)/(5+37),
where 7 is the ratio of monatomic to diatomic particles, and is given by

P 20 + 8ay
T 5—(ap +day)
in which ag and ay are repectively the test section frozen dissociation fractions of
oxygen and nitrogen. Values of v, have been obtained using this expression with a
and ay evaluated using the nozzle flow program.

The test-section Mach number follows directly from the predictions of the test
section velocity u.,, temperature T, and y, using the relationship

ﬂjco = um/(Yij Tm)*

where R, is the gas constant based on the predicted test-section composition.
Calculation of the flow properties external to the boundary layer on the 12° plate
have been based on this Mach number and values of ¥, assuming frozen flow down-
stream of the oblique shock wave formed at the wedge leading edge. The properties
are summarized in table 1.
These test flow conditions were obtained at a particular reference station in the
nozzle exit. For the 7-5° semi-angle conical nozzle the local flow conditions adjacent
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Ficure 7. Calculated streamwise density and temperature variation along the nozzle axis.

to the positions at which heat transfer was measured were found by assuming that
they could be related to the reference conditions by isentropic expansion or compression
for downstream or upstream positions respectively. Chemically and vibrationally
frozen flow conditions and the high-Mach-number approximation of constant free-
stream velocity were assumed. The predicted density and temperature variations are
shown in figure 7. The heat-transfer data were reduced to non-dimensional form in
terms of the Stanton number S by using these estimated local free-stream conditions.
Similarly, Reynolds numbers were based on local free-stream density and viscosity.

For the zero incidence heat-transfer measurements this procedure should adequately
account for streamwise temperature and density gradients, but for the 12° incidence
case, an additional effect of flow angularity for gauge positions away from the nozzle
axis is present. No allowance has been made for this effect.

4.3. Reduction of the heat-transfer data

Local values of the Stanton number, S, and Reynolds number R, were obtained from
the following definitions

_ G

§= peue(hr_hw) (1)

and R, = l—)e—mf, (2)
e

where the suffix e refers to local conditions at the edge of the boundary layer, suffix w
refers to wall conditions and the recovery enthalpy &, is given by

hy = ho+ ot (3ul) (3)
where ¢ is the Prandtl number.
For equilibrium conditions, the free-stream enthalpy %, should include the chemical
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FI1GURE 8. Viscosity of air at high temperatures. -———, Lennard-Jones intermolecular potential,
Hirschfelder et al. (1954, table 8.6-4); — | —, intermolecular potential ~ 4/r* (n = 6) Bauer &
Zlotnick (1959) ; — - —, Sutherlands formula g = /?T‘}(T +8)-1, 8 = 1-458x 10 kg s~* m—1 K-,
S = 1104 K.

enthalpy A.y.m, vibrational enthalpy A, and the translational and rotational en-
thalpy c,,T,, whereas, for frozen conditions it includes only ¢, ,T,. Thus, the equili-
brium recovery enthalpy (%,)., and the frozen recovery enthalpy (%,), are given by

(hr)eq = cpfq:a + hchem + hvib + U*i(%ug) (4)
and

(h,); = cpy T, + o*(Jul) (5)

where ¢, is the frozen specific heat at constant pressure and the Prandtl number o*
is evaluated at intermediate enthalpy conditions.

All of the reported data have been reduced using the assumption of (,)e, in the
definitions of Stanton number. Thus departures between theory and experiment
will provide some measure of how much of the chemical enthalpy is being recovered
either by gas phase combination in the boundary layer and/or by surface recombina-
tion.

An important quantity required in the data reduction is the viscosity of the test
gas. For the reported experiments the external flow consisted of a frozen mixture of
atomic and molecular nitrogen and oxygen depending on the level of stagnation
enthalpy. For the intermediate enthalpy prediction method, viscosity data were
required at temperatures up to 6300 K. Many authors have considered the transport
properties of equilibrium dissociated air (see for example Bauer & Zlotnick 1959)
but little information exists for compositions typical of those found in chemically
frozen nozzle flows. However, Dorrance (1962) shows that the presence of atomic
species in an ideal dissociating gas has only a small effect on the viscosity. Thus, the
values of viscosity of air at high temperatures have been taken for an equilibrium
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mixture and the data given by Hirschfelder, Curtis & Bird (1954), calculated using the
Lennard-Jones intermolecular potential model, were used. These data are summarized
in figure 8, and compared to the simple relationship of Sutherland’s formula and with
Bauer & Zlotnick’s prediction based on an intermolecular potential of the form
Ar—, where 7 is the intermolecular distance and n = 6. It is recognized that the use
of this data cannot be rigorously substantiated under the experimental conditions
studied but it is unlikely to be in error by more than 109, at temperatures up to
2000 K which covers the range of external flow temperatures for the zero incidence
plate. However, the use is more conjectural at the higher free-stream temperatures
on the 12° incidence plate.

4.4. Accuracy of the data

The reported experiments have been carried out under flow conditions which are
extreme for shock tunnel facilities and obtainable only by using the unique free
piston driver gas compression mode exploited in the facility. A number of sources of
experimental error and uncertainty arise.

The experimental error associated with the measured surface heat-transfer rate is
assessed to be + 59, taking into account gauge and recording instrument calibration
factors only.

Measurements of stagnation enthalpy, obtained from shock-speed measurements
have an estimated accuracy of + 109%,. Pressure measurements have an estimated
accuracy of +59%,.

Additional errors are evident in the values of S and R, owing to uncertainties in
the free-stream properties p, u and g. These are based on non-equilibrium nozzle
flow calculations and measured values of pitot pressure in the nozzle, as described
earlier. The value of u, the free-stream viscosity is also a source of error. The free
stream is known to consist of a non-equilibrium mixture of atoms and molecules,
whereas the values of 4 used in the reduction of data were taken for an equilibrium
mixture at the predicted free-stream conditions.

Quantification of the accuracy of the R, — 8§ data, which is dependent on all these
factors, is difficult but, it is estimated that the largest errors which occur at the highest
enthalpy conditions are likely to be less than + 209, for S and + 109, for R,.

5. Prediction of the surface heat-transfer rates including surface catalysis
effects

For the highest enthalpy experiments the nozzle freezing phenomenon results in
a free stream at the edge of the boundary layer in which significant concentrations
of atomic oxygen and nitrogen are present. The surface heat-transfer rate ¢, is
dependent on the recombination of the atomic species, whether by gas phase reactions
within the boundary layer, or by surface reactions in which the catalytic effect of the
particular surface plays the dominant role when the gas phase reactions are frozen.
The lowest surface heat-transfer rate results when both the gas phase and surface
reactions remain frozen (non-catalytic surface). The magnitude of the fractional
reduction from the equilibrium heat transfer is equal to Agpen/(k,—h,), where
henem i8 the chemical enthalpy which would result from recombination of all the
atomic species present at the boundary-layer edge. Nozzle flow calculations for the
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highest enthalpy condition studied (51 MJ kg-1) show that the free stream consists
of a frozen mixture of almost fully-dissociated oxygen together with atomic and
molecular nitrogen for which the fraction hgyep/ (R, —h,) is approximately 0-35.
Proportionate reductions in heat transfer rate between fully catalytic and non-
catalytic surfaces should be evident for flow conditions which result in frozen gas
phase boundary-layer reactions.

The criterion determining whethetr the boundary layer remains frozen is the gas
phase Damkohler number. This compares the characteristic boundary-layer particle
diffusion time 7, with a characteristic reaction time 7,. Chung (1965) has shown that

for a flat-plate laminar boundary layer the gas phase Damkohler number §,is given by

4z kR., p\2 71,4
- = L)y 6
& u, Tg+2 (Ro) (@

r

where kp = 2k, T in which kg is the specific recombination rate coeffiicent, w is the
exponent of temperature in the expression for kp = A/T%, R, is the universal gas
constant and p, T, and u, are respectively the static pressure, temperature and velocity
at the edge of the boundary layer distant z from the plate leading edge.

Values of {, have been calculated for the reactions

O+0+M—->0,+M, where M=0
for which 2kz = 2-25 x 1020 7% ¢cm8 g~ mole~2 s~! and
N+N+M->N,+M, where M=N

for which 2k, = 2-36 x 10%! cm® g~! mole~2 s—1. These are tabulated for the various
tunnel operating conditions in table 3. The values of {, for the oxygen atom re-
combination are of order 10—2 or less for all conditions apart from conditions D and E.
The calculations suggest frozen boundary layer behaviour for atomic oxygen re-
combination for conditions 4+, 4, B and C with the possibility of approach to
equilibrium for condition D and more so for condition E. For the more rapid nitrogen
atom recombination, the values of {, are an order of magnitude greater than for {,
for oxygen recombination, but for the running conditions for which nitrogen atom
recombination would be expected to be significant (4+ and A) the values of {, are
approximately 4 x 10~2 suggesting that the boundary layer remains effectively frozen.

If {, is sufficiently small, atom species will not recombine in the boundary layer
and will diffuse to the surface. The extent of surface recombination is determined by
the catalytic nature of the surface material and is characterized by a surface Damkohler
number {. This gives the ratio of the characteristic particle diffusion time to the
characteristic time for surface reaction. Chung (1965) defines £, for a flat plate laminar

boundary layer as follows:
Pyt T4

= Twtwem __ d 7

&~ Lpadi 7, @

where ¢ is the Prandtl number, L is the Lewis number given by pDc,/k (where D

is the diffusivity, k& the thermal conductivity and c, the specific heat at constant
pressure), k,, is the specific wall reaction rate given by

3
kw=y’(R0T) b

2n M,
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l is the ratio of the density—viscosity product pu/p,u,, and suffices w and e refer to
wall and boundary-layer edge conditions respectively. ¥’ is the surface catalytic
efficiency and M, is the molecular weight of the atomic species.

For small values of £, the diffusion rate is much greater than the wall reaction rate
and the phenomenon will be surface reaction limited. In this limit the surface reaction
is ‘frozen’ and all surfaces are effectively non-catalytic. The concentration of atomic
species at the wall will be identical to the free-stream value at the edge of the boundary
layer for {, - 0. No recombination occurs at the wall and lowest surface heating rate
will be evident in this limit, provided that the gas phase reactions remain frozen.

For large values of {, the surface reaction rate is much greater than the diffusion
rate and virtually all of the atomic species arriving at the wall will be recombined,
thus increasing the surface heating rate. This limit is the diffusion limited regime.
Glassy materials such as pyrex or quartz have values of vy’ of order 10—%, whereas
metallic surfaces generally have values up to 10-1. An experimental situation may
therefore exist for which the values of {, for the different materials may differ by
three orders of magnitude and in which almost all of the chemical enthalpy difference
may be evident in the measured surface heat transfer rate.

Vidal & Golian (1967) have reported an extension of Crocco’s compressible laminar
boundary-layer solution to include species diffusion for zero pressure gradient and
with g oc 7%, where a is a constant. The result for the dimensionless heat transfer rate
8, is ,_C 2 2oty | %

S =T'{ft{1+(ﬁ_l)[2(ho—hw)]_[ho“hw] &:}’ (8)
where 8’ = ¢,,/p. by — ), /2y = E(x,0)/[1+ E(x, )], hp is the chemical enthalpy
associated with the dissociated species, h, is the stagnation enthalpy, « is the disso-
ciation fraction, ¢ is the Prandtl number, and E(z, o) is directly related to the surface
Damkohler number as follows

C 0-664 0¥ 1
Biz,0) = o4 [pﬁ—ﬁc‘-] _ 0B6ag 1 (9)

since .
C, Rt = 0-664 (ﬂ)
Pelte
In the non-catalytic wall limit, £ — oo and «,,/a, = 1 which, for o = 1, reduces the
Stanton number §’ by the fraction
X, hD
ho_hw‘

At high enthalpies, intermediate enthalpy concepts have been used to predict
surface heat-transfer rates. Hayes & Probstein (1959) following Eckert, introduce an
intermediate enthalpy A* given by

B* = 0-5(h, + h,) + 0-22(h, — h,)
where the recovery enthalpy &, is
h, = h,+ so*bul.
In this method the variation in the density—viscosity product across the boundary
layer is accounted for in the expression for skin friction C; where

%%\
C, R} = 0-664 (’i—/‘—)
Pelte
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with R, = p,u,x/p,. With the Stanton number defined in terms of the recovery
enthalpy A, as

S = q'w/pe u(h, — hw) (10)
the Reynolds analogy gives
S = 3C,(o*)-% (11)
and
L3
SRE = 0-332(0*)% (3—”—*)*. (12)
Pette

Allowing for the different definitions of S and S’, this result is seen to be similar to
that of Vidal & Golian (1967) [equation (8)] for the case when a,, /e, — 0 (fully catalytic
surface limit) except that the Prandtl number, o, and the density—viscosity product
are morerealistically evaluated at conditions appropriate to the intermediate enthalpy.

Generalizing the intermediate enthalpy result for the frozen flow limit «,,/a, = 1
gives the following result for the Stanton number S, appropriate to the frozen limit

hchem
—k—:h_} (13)

S;= %(o‘*)—i {1 :
r w.

where hgpom /b, — b, represents the fraction of the recovery enthalpy associated with

frozen chemistry.

For surface conditions intermediate between those for frozen and equilibrium
surface reactions, the Stanton number should be evaluated from equation (8) with
the appropriate value of E(z, o) calculated for the particular case.

To establish bounds for the currently reported experimental conditions, values of
E(x,0) have been calculated for the trailing edge position of both the 0° and 12°
plates using equation (8). These have been based on a wall recombination rate
k,, = 50 cm s7! which might be considered typical for O and N atom recombination
on oxidized metallic surfaces at T, = 300 K. From table 3 it is observed that 1-59 <
E(x,0) < 512 for the conical nozzle experiments, indicating that the chemical
enthalpy fraction which would be recovered at the wall would be in the range 0-39 to
0-16. Lower values of E(x, o) are noted for the contoured nozzle conditions but it is
possible that these experiments are further complicated by endothermic gas phase
boundary-layer reactions as discussed later.

For surface conditions appropriate to glassy materials, the corresponding wall
recombination rate k,, is of the order 1 cm s~! and the chemical enthalpy fractions
recovered would be in the range 0-013 to 0-003.

In summary, therefore, the values of E(x, o) for the conical nozzle experiments
given in table 3 suggest that the amount of the frozen free-stream chemical enthalpy
which could be recovered at the wall and would be evident in surface heat-transfer
measurements will be small under all the experimental conditions explored. Possible
exceptions are the extreme trailing-edge position of the 12° plate, particularly for
the higher Reynolds numbers associated with the 1-27 ¢cm diameter throat experi-
ments. However, since the frozen free-stream chemical enthalpy is only about 209,
of the recovery enthalpy (,),,, differences of less than 69, in the absolute magnitudes
of measured values of ¢,, for different plate surface conditions would require to be
resolved to detect the departure from the frozen surface-reaction limit. Such differences
are not detectable within the current repeatability of tunnel operating conditions and
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the knowledge of the free-stream conditions from run to run. It is expected from
theoretical considerations, therefore, that the achievable experimental conditions will
result in ¢, measurements close to the frozen limit.

6. Boundary-layer chemical reactions

The calculations described earlier (with the possible exception of 2-54 nozzle throat
experiments) show that for all of the conditions of the experiments direct gas phase
recombination of the frozen free-stream oxygen and nitrogen atoms is most improb-
able since all values of the gas phase Damkohler number are less than 10-2. The
possibility exists, however, of endothermic chemical reaction involving oxygen atoms
taking place, of which the following are considered:

(1) N,+0—>NO+N;

(2) NO+O - O,+N;

3) 0,+0-0+0+0.

At the conditions prevailing in the plate boundary layer (high concentrations of N,
and O, and temperatures in the range 2000 K-4000 K) the forward reaction of (1)
is the dominant process of these three. Reactions (2) and (3) are less significant and
the reverse reactions can generally be ignored, in the case of (2) because high con-
centrations of O, and N are not experienced simultaneously in the boundary layer,
and in the case of (3), as a consequence of low densities. Only for the higher density
experiments (see table 1) is there a likelihood of O atom recombination. The forward
endothermic reactions of (1), (2) and (3) provide a possible mechanism for further
reductions in the surface heat transfer below the non-catalytic surface result shown in
figures 12 and 13, providing surface recombination of the species formed in these
reactions does not take place.

An estimate of the magnitude of possible boundary-layer reaction effects has been
made using a simple boundary-layer model and integrating the equation for the
energy ¢ absorbed by the reactions per unit mass along a streamline.

The enthalpy distribution % across the boundary layer was assumed to be similar
to that for a non-reacting boundary layer with unit Prandtl number and Lewis

number. Thus
h = h,+(H,— h,)u/u,— 3u? (14)

where u is the local velocity, u, is the free-stream velocity, H, is the free-stream stag-
nation enthalpy (= A, + }u2) and A, is the enthalpy at the wall.

The assumptions of this equation imply (1) that the diffusion of reactants across
stream-tubes does not have a significant effect on the concentrations and (2) that the
change in thermal energy transport caused by changes in temperature gradients
resulting from reactions is small in comparison with conduction across stream-tubes
in the absence of reactions. The energy rate of absorption per unit mass along a
streamline is given by

€ .
U = prol0-315k, ny, + 0-132k;, nyo +0-493k, n,] x 108 MJ kg1, (15)

where ng, ny,, 2x0, %o, are the molal concentrations of the reactants and k;, k,,, k;,
are the forward reaction rate constants of reactions (1), (2) and (3) respectively.
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Following Hayes & Probstein (1959), boundary-layer similarity variables are defined
as

n(x,y)=%;gfpdy and  §(x) = Py« Py - U Ty (16)

where y Is the co-ordinate measured normal to the plate surface.
Along a streamline given by i = constant

I WL W
d¢—%dx+a—n.d77—0, (17)

where i = fypu dy.
0
Using Equations (16) and (17)
29 _ —%f"ldn.

u,dx 0 %e
For an assumed linear velocity profile, given by 9 = 2-2u/u,, equation (15) for the
energy absorption rate distribution across the boundary layer may be written as

g% = —z'—f;z,rmo[O~315.1cflnN2 +0-132k; nyo + 0-493k; ng,] x 103 MJ kg-1.
€

This equation has been integrated across the boundary layer to find the total energy
Ae absorbed by the forward steps of reactions (1)—(3) at various stream-wise positions.
In performing the integration, the reaction rate constants, ks, were evaluated at the
local temperature 7' which is determined from

ar_an_de
Yo T oo
dh (He—hw_ ue) u,

and rrie o 155 55"

The effect of the energy Ac absorbed by the endothermic reactions on the surface
Stanton number was deduced by assuming that the maximum enthalpy within the
boundary layer was reduced by the amount Ae¢ compared with the non-reacting case.
A modified recovery enthalpy %, was then calculated, by effecting a nominal reduction
in the external flow velocity to match the reduced maximum enthalpy, and a modified
Stanton number §” was obtained and defined as

8" = qw/peue(h: - h’w)

The results of calculations comparing the modified Stanton number 8" with that
based on frozen, non-reacting boundary-layer behaviour and defined by

Sf = Qw/peue((hr)f_ h’w)

where (h,); is defined in equation (5), are given in table 4.

For most of the experimental conditions for the zero incidence flat plate, the
reduction in the Stanton number caused by endothermie reactions involving oxygen
atoms is less than 59, at the trailing edge of the flat plate. More significant reductions
are observed for the higher density experimental conditions in the M = 5 contoured
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1-27 em nozzle 2-54 ¢m nozzle
throat diameter throat diameter
o A A s —A N
Test condition B B A A A+ B, B, B} Bf
Stagnation pressure
Pe (bar) 270 270 250 250 260 206 206 410 410
Stagnation enthalpy
hy (MJ kg-1) 219 219 382 382 51 16-6 166 170 17-0
Plate incidence 0° 12° 0° 12° 0° 0° 0° 0° 0°
Distance from leading
edge z (m) 0-50 0-15 0-50 015 0-50 005 050 005 0-50
Ae (MJ kg1) 021 073 024 106 185 0-18 075 052 1-24
S”/S; 095 084 097 085 092 0-95 079 086 0-66

TaBLE 4. Effect of boundary-layer endothermic reactions on Stanton number

1072

= Gwlpe ue((hr)eq’hw)
T TTTT

Stanton number: S

1074 1 L4 11111l 1 L) L 1111

104 10% 108
Reynolds number R, = p.u.X/tt,

FI1cure 9. Stanton number versus Reynolds number data for a zero incidence flat plate in the
contoured nozzle. ——, theory, fully catalytic plate; — - - —, theory, non-catalytic plate;
~— - —, theory, non-catalytic plate plus endothermic boundary-layer reactions. O, experiment
B}, hy = 17-0 MJ kg-1, p, = 430 bar; x, experiment B, h, = 16:6 MJ kg-1, p, = 220 bar.

nozzle experiments shown in figure 9. The simple approximate theory provides good
agreement with both the observed magnitude and streamwise fall in heat transfer
along the plate.

Boundary-layer reaction effects are also significant for the higher densities which
occur with the plate at 12° incidence. Table 4 shows that the Stanton number is
reduced by approximately 15%, compared with the non-catalytic wall, frozen boun-
dary-layer value. The inclusion of boundary-layer reactions, therefore, improves the
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FicurE 10. Stanton number versus Reynolds number data for a zero incidence flat plate. .
mean line through experimental data for 1-27 cm nozzle throat diameter. Run types A+ to H
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Figure 11. Stanton number versus Reynolds number data for a 12° incidence flat plate. ,
mean line through experimental data for 1-27 em nozzle throat diameter. ———, mean line
through experimental data for 0-635 cm nozzle throat diameter. Run types A* to H defined in
tables 2 (a) and 2 (b).
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agreement between experiment and theory shown in figure 11 for the higher density
1-27 cm nozzle throat condition, but the effect for the lower density 0-635 cm nozzle
throat experiments is insignificant. 1t is possible that the observed differences for the
lower-density experiments may be due to the vibrational excitation of N, by the
oxygen atoms within the boundary layer. Breshears & Bird’s (1968) rate data for the

vibrational process N,+0 - Nf+0

shows that vibrational equilibrium is marginal for the 0-635 cm throat experiments.
If vibrational de-excitation rates are lower than the excitation rates at the conditions
prevailing in the boundary layer, then vibrational excitation of the nitrogen molecules
could account for sufficient energy to explain the observed lower surface heat transfer
rates for these cases.

7. Discussion of results

Figure 10 shows the zero incidence dimensionless heat-transfer rate results com-
pared with the simple Blasius laminar boundary layer result of S(R,)} = 0-332 where
S and R, have been defined using equations (1) and (2). The agreement is better for
the low enthalpy flow conditions (H, F, G) where the test section flow is undissociated
and behaves as a perfect gas. As the magnitude of the enthalpy associated with the
frozen test section composition increases, the predictions of simple theory over predict
the Stanton number based on %, (eqn. 4) by up to 1009, for run condition 4+. Similar
trends are observed for the 12° incidence plate results shown in figure 11.

The predictions of the simple theory do not take into account the variation in the
viscosity—density product across the boundary layer and more accurate estimates of
the S—R, relationship, based on the intermediate enthalpy method using equation
(12), have been made for each of the individual run conditions. These are given in
tables 1 and 2. Figures 12 and 13 show the experimental Stanton numbers at a given
streamwise station (x = 5:7 cm for 0° and z = 4-4 cm for 12°) compared with the
predictions of the intermediate enthalpy method. Increasing departure between
theory, assuming equilibrium flow (k,, = o), and experiment is apparent as test
section velocity increases. However, if the Stanton number is redefined and based
on the frozen recovery enthalpy (%,); only, much better agreement with experiment
is observed. This limit corresponds to frozen gas phase reaction ({, - 0) and frozen
surface reactions (E(z, o) - 1 or k,, — 0). A similar trend is observed for both 0° and
12° plate results.

Exceptions to the generally satisfactory level of agreement are for run conditions
in excess of 25 MJ kg! stagnation enthalpy. The estimated level of the frozen en-
thalpy fraction fails to account for the low Stanton numbers observed. A possible
explanation is the presence of helium in the test gas for these conditions. The nozzle
and plate flow starting times given in figure 5 preclude measurements before 450 us,
by which time Crane (1975) has shown that the helium contamination level is about
409%,. Estimates of the § ~ R, relationship for such assumed test section compositions
show that the S(R,)* product falls when the helium arrives owing to the increase in
Reynolds number associated with the cooler helium. Figure 5 suggests that run
conditions A and A+ will be affected to some extent by this phenomenon but that
for all other conditions the results can be taken to be helium free.
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Ficure 12. Comparison of heat transfer measurements at * = 5:7 em with intermediate en-
thalpy theory (0° incidence). , theory, fully catalytic surface; — - —, theory, non-catalytic
surface. O, experiment, 1-27 cm nozzle throat diameter; é, experiment, 2-54 cm nozzle throat
diameter (corrected for boundary layer endothermic reactions). Run types A+ to H defined in
table 1.
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Freure 13. Comparison of heat transfer measurements at * = 44 cm with intermediate en-
thalpy theory (12° incidence). , theory, fully catalytic surface; — - —, theory, non-catalytic
surface. , experiment, 1-27 cm nozzle throat diameter; é, experiment, 0-635 cm nozzle
throat diameter. Run types A+ to H defined in tables 2(a) and 2 (b).
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Some additional confirmation of this effect was obtained by East, Stalker & Baird
(1977) by purposely filling the shock tube with equal parts (by pressure) of air and
helium to result in similar shock speeds (and hence stagnation enthalpy) to the pure
air cases.

With the exception of the helium contaminated flows, the experiments in the
conical nozzle flow give best agreement with predictions based on chemically frozen
flow, both in the gas phase within the boundary layer and at the surface. These
conclusions are consistent with the estimates of the gas phase and surface reaction
Damkohler numbers which are summarized in table 3 and suggest that all of the
experimental conditions tested were close to the frozen flow limit. For the 12° inci-
dence case, the experimental results appear to be somewhat lower than the frozen-
boundary-layer predictions but here it is postulated that the enthalpy absorbed by
endothermic boundary layer reactions discussed earlier may account for this. An
additional uncertainty is the test gas viscosity at the high temperature non-equilibrium
free-stream condition.

For the 0° plate, the maximum flow temperature at which the viscosity was evalu-
ated was ~ 1500 K whereas for the 12° plate the corresponding value was ~ 3500 K.
The known frozen composition of the test gas is quite different from the assumed
equilibrium composition on which the viscosity estimates have been based. Further
work on the estimation of viscosity for non-equilibrium mixtures with high concen-
trations of atomic species is evidently required.

For the contoured nozzle experiments at high free-stream density and at Mach
number 5, an important additional trend of a stream-wise reduction of Stanton
number greater than the predicted R;? rate is shown in figure 9. Surprisingly good
agreement was noted with an approximate model which considered the possibility
of endothermic reactions in the boundary layer involving oxygen atoms described
earlier. Further refinement is required, but it appears probable that this mechanism
can account for the observed surface heat-transfer rates which are lower than even
the non-catalytic surface, frozen gas-phase limit.

9. Conclusions

For the higher-Mach-number, lower-density experiments heat-transfer measure-
ments compare well with the predictions of an intermediate enthalpy method for the
compressible laminar boundary layer at flow stagnation enthalpies up to about
25 MJ kg—!, corresponding to flow velocities up to about 6 km s~!. All conditions
explored resulted in apparently frozen gas phase and surface recombination reactions.
These conclusions were consistent with predictions of the appropriate Damkohler
criteria based on the oxidized metal (aluminium) surface of the 0° plate and the
Si0, coated surface of the 12° plate. It would appear unlikely that significant amounts
of the frozen chemical enthalpy would be recovered unless pure unoxidized metal
surfaces are used. Departures from the predictions of the intermediate enthalpy
theory may be accounted for either by helium contamination of the test section flow
at highest enthalpies or by uncertainty in the viscosity at the high static temperatures
on the 12° plate.

A further possible factor affecting the surface heat-transfer measurements is that
of endothermic gas phase reactions in the boundary layer involving the large oxygen-
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atom concentrations and resulting in the formation of NO and N. These effects are
important at higher densities and the predictions of an approximate model suggest
that the large observed streamwise reduction of heat transfer in higher density,
lower-Mach-number experiments performed in a contoured nozzle may result from
this. Similar, but smaller effects, may account for some of the differences between
experiment and frozen flow theory at the relatively high density on the 12° incidence
plate positioned in the conical nozzle.
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