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Fig. 3 Porous plate burner flames—coarse bimodaS, ethane-air:
a) oxidizer rich (divergent flame); b) stoichiometric (columnar flame);
c) fuel rich (parabolic flame).

flames of adjacent ports were observed. First, where a fine
port is adjacent to a coarse port, the fine port flame is nested
under the near-surface region of the coarse port flame such
that there could be heat feedback from the coarse flame to the
fine flame. Second, where adjacent fine ports are sufficiently
close together, the adjacent parabolic flames are joined at
their bottoms by a nearly planar flame over the interstitial
fuel. This feature provides a more vivid mechanism for direct
heating of binder in propellants and is not predicted by
current diffusion flame theory.

Conclusions
Fundamental diffusion flame data were obtained as a

function of simulated oxidizer size distribution and mixture
ratios utilizing a porous plate analog burner. There was much
evidence in the diffusion flame structures to show that fine
oxidizer ports tend to operate more fuel rich than coarse ports
in a bimodal arrangement. Also, as expected, fine ports
exhibited more heat feedback to the burner surface. Some
interaction between flames of adjacent ports was observed, of
a type that should be addressed in any future, more rigorous
analytical treatment of multicomponent composite pro-
pellants.
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Flame limits encountered by independently varying fuel and
oxidizer flow rates, the relative sensitivity of the fine port
flames to O/F ratio, and effects of substituting oxygen for air
all indicated that the fine port flames were more fuel rich.
This is not surprising, since for a fixed interstitial spacing
between oxidizer ports and particular values of specific flow
rates, a proportionally greater amount of fuel will be
associated with the fine ports. Such variable O/F ratio is a
topic of current theoretical modeling of composite
propellants,4'5 but the particular allocations are not known.

Two interesting effects were noted when oxygen was
substituted for air. For a given set of flow rates, the flame
structure took on a less fuel-rich appearance (O/F ratio in-,
creased, as expected). Second, the porous plate became red
hot in the region of the cluster of fine oxidizer ports; this
confirms the higher temperature and heat feedback that
would be expected with oxygen and indicates that there is
more heat feedback with the fine ports. By analogy to
propellants, fine particle size systems would burn faster unless
the fuel allocation became such that the reduced temperature
would overcome the reduced diffusion length.

Although physical overlap or intermingling between ad-
jacent flames did not occur, two types of interaction between
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Introduction

IN recent years cooling to liquid helium temperature has
been required for various applications. Considerable effort

has been made to apply super fluid helium to cooling systems.
Several space programs, such as space infrared telescopes,
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Fig. 1 Performance of superfluid heat pipe (pipe 3) as a function of
heat input for sink temperature Ts - 1.90 K.
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have been demanding the applications.l The superfluid heat
pipe has been developed for such potential applications. Three
superfluid heat pipes have been fabricated and tested in the
course of this study. The general thermal performance of
them is reported in this paper. A detailed description can be
found in Ref. 2.

Heat Pipe and Test Apparatus <
Superfluid phenomena can occur in adsorbed film of

helium when the.temperature is lowered to the lambda point
(7\ =2.172 K). The thermomechanical effect in such films is
applied to the liquid recirculation in the heat pipe. This effect
makes the superfluid component in films flow toward higher
temperature regions, while the normal cannot move because
of its own viscosity. Thus, the working fluid is supplied to the
evaporator entirely in the form of film flow. The resulting
pumping capability is so large that liquid supply can be

achieved overcoming vertical height as high as 1 m against the
gravity. The thermal relation both at the evaporator and at
the condenser is expressed by

= m(\+TS) (1)

where Q and m are the heat input and the mass flux of the
superfluid component in film, X the latent heat of
vaporization, T the temperature, and S the specific entropy.
The second term of the right-hand side of Eq. (1) reflects the
fact that the superfluid component flows with zero entropy.

This Note primarily is concerned with the improved model
(heat pipe 3) among the three. This consists of a copper pipe
with 80 fine axial grooves. A very thin perforated copper film
(165 x 197 mm) folded radially is inserted in the pipe (see Ref.
2 for more details). The structure composed of a grooved pipe
and a copper film is designed to increase the wetted perimeter
Dw for film flow and to reduce the Kapitza thermal boundary
resistance. Dimensions of the pipe are as follows: length
L=177 mm, o.d. = 16 mm, i.d. = 14.5 mm, total wetted
perimeter Dw =480 mm. The ratio of Dw to the inner cir-
cumference of a pipe with the same i.d. is about 10.5. Other
heat pipes are made of a simple copper pipe with 10-mm i.d.
(heat pipe 1), and of the same pipe as heat pipe 3 with smaller
copper film (DW=2S6 mm) (heat pipe 2). All three are
charged with helium gas to about 0.6 MPa under the room
temperature condition, which forms enough thick superfluid
film when T<TX.

Each one is installed vertically with the evaporator top
inside a vacuum adiabatic jacket except for the condenser
which is exposed to the outer Hell as a heat sink at a constant
temperature. The lengths of the evaporator and the condenser
are 25 and 27 mm, respectively. The pipe has an electric heater
winding, and five germanium resistance thermometers, one of
which monitors the sink temperature Ts.

Results and Discussions
A typical example of the steady performance is given in Fig.

1. During the test, the heater power is increased continuously
at a slow rate from 0 W to about 6.0 mW spending about one
hour as to fulfill a quasisteady heating condition. Then, it is
decreased down to 0 W at the same rate. The temperature in
the evaporator, T2, rises proportionally to the heat input for
small Q. At about 8 mW (= Qc) a temperature jump is
recorded. This results from the superfluid breakdown in the
thin film. Thus, the heating condition for Q>QC is referred to
as supercritical. The temperature rise becomes large under the
supercritical heating condition. The second temperature jump
occurs at Q = 26 mW ( = 6X)- Tnis indicates that the phase of
adsorbed helium changes from superfluid to normal helium
(Hell to Hel; X-transition). Only heat conduction through the
pipe wall participates in heat transfer beyond Qx. The tem-
perature variations while Q is decreasing are basically
coincident with those for the increasing case, but weak
hysteresis are observed at Q=QX and Qc. Temperatures in the
adiabatic section are also presented by T5 and T7 in this
figure.

The effective thermal conductance is calculated from
(T2 — T5)/Q, where the cross-sectional area of the vapor core
area (1.65 cm2) is used as the heat transfer area. It is almost
independent of Q and is the largest under the subcritical
heating condition. It diminishes to a value given by pure
thermal conduction through pipe wall beyond Qx. The
conductance under the subcritical heating condition is plotted
against the sink temperature in Fig. 2. The thermal con-
ductivity of the pipe material (phosphorus deoxidized copper)
is 0.09 W/cmK at these temperatures. It is important to note
that the conductivity obtained experimentally is a total
quantity which includes the effects of the Kapitza thermal
resistance both at the evaporator and at the condenser. The
Kapitza resistance generally exists at the interface between
liquid helium and solids participating in heat transfer. The net



572 AIAA JOURNAL VOL. 20, NO. 4

100

10.0

o
o

•o 1.0

<
LU

cro

0.01

Qc QA
A A HEAT PIPE 1

• o HEAT PIPE 2

• n HEAT PIPE 3

I
U 1.5 1.6 17 1.8 1.9 2.0

TEMPERATURE T (K)

50

Fig. 3 Critical heat input Qc and maximum heat transport capability
Qx for three superfluid heat pipes.

conductance resulting only from pure heat pipe action should
be much larger than the figures. In this respect, the grooved
pipe is not as effective in reducing the Kapitza resistance. It is
obvious that the temperature dependent property of the total
conductance derives from that of the Kapitza resistance.

The heat-transport capability is evaluated by two values, Qc
and <2X, which are plotted vs the sink temperature in Fig. 3.
The maximum heat-transport capability of the superfluid heat
pipe is given by Qx which indicates the occurrence of the X-
transition. It is evident from this figure that Qx increases with
Dw. This behavior suggests that the maximum heat transport
capability can be improved by the increase of Dw. It has
already been mentioned that the temperature jump observed
at Qc resulted from the superfluid breakdown. It charac-
terizes an onset of energy dissipation in Hell, and does not
necessarily mean that all super phenomena disappear. The
superfluid heat pipe still works under supercritical heating
conditions provided that Q<QX. There seems to be two
possible mechanisms to cause the breakdown. The first is that
the breakdown occurs when local velocity of the super
component of the return flow vs exceeds its critical value vc.
The velocity reaches its maximum at the entrance to the
evaporator because the film thickness decreases with the
height due to the gravity effects. The breakdown first occurs
there. With the increase of Q, the lower end of the active
evaporating zone (evaporator + a part of the adiabatic section
participating in evaporation) should go down for thicker film
thickness, and the zone expands. The flow is able to be
supercritical in the zone.

The breakdown phenomena can be quantitatively described
in terms of the critical flow rate oc defined by

ac = vcd (2)

where 6 is the film thickness. This quantity obtained ex-
perimentally was reported for various kinds of solid surfaces,
on which the thin film was formed. The critical mass flow rate
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mc is expressed in terms of ac, the super component density ps
and Dw by

Combining Eqs. (1) and (3), oc becomes

(3)

(4)

This expression suggests that Qc is proportional to Dw and
supports the idea of using a thin copper film insert in the pipe.
The experimental results are given in Fig. 4 for three super-
fluid heat pipes together with results obtained from ex-
periments of gravity flow of adsorbed thin film on copper
surfaces.3 It may be stated that the data from pipe 1 and 2
experiments and the thin film flow experiment are fairly close,
considering that the values of Qc differ by almost one order of
magnitude and that oc depends on the material and the
surface state on which adsorbed films are formed. This
agreement indicates that the breakdown model describes
fairly well the phenomena as far as pipe 1 and 2 experiments
are concerned. The deviation of the pipe 3 data from the
others indicates the limit of the applicability of this model. It
is in the second model that the breakdown occurs when the
heat flux per unit heating area q exceeds its critical value qc.
This critical value is independent of the wetted perimeter.
Pipe 3 seems to be this case. The values of Qc for pipe 3 are
almost the same as those for pipe 2, although Dw of pipe 3 is
almost twice as large as that of pipe 2. It can be concluded
that the critical heat flux Qc is proportional to the wetted
perimeter for the film flow for small and intermediate values
of the ratio of Dw to the heated perimeter, and it becomes
almost independent of Dw for the larger values of the ratio.

Conclusion
This study of the superfluid heat pipe has indicated the

following.
, 1) There are three working modes based on the magnitude
of the heat load, which are clearly distinguished by large
temperature jumps and hysteresis. The performance is, of
course, best under the subcritical heating condition.

2) Maximum heat-transport capability can be determined
by Qx corresponding to Hell X-transition.
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3) The critical heat load Qc at which value the superfluid
breakdown occurs increases proportionally to the wetted
perimeter for the film flow for moderate values of Dw.
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Introduction

A THIN coating of pyrolytic graphite can protect the
structure of advanced performance ramjet combustors

from oxidation by hot combustion gases for two reasons.
First, the dense, nonporous pyrolytic graphite offers fewer
sites for attack by oxygen than does ordinary, more porous
graphite. Second, by the nature of the deposition process of
pyrolytic graphite, it is primarily the relatively nonreactive
basal plane that is exposed to attack. However, pyrolytic
graphite is subject to oxidation, and recession rates must be
used in calculating the proper coating thickness. Excess
thickness increases the time and cost of the coating process
and results in vehicle performance penalties.

Ramjets typically operate at temperatures near 2000 K and
at pressures from 1 to 10 atm. Their exhaust contains 5-15%
oxygen. For these conditions, the oxidation of pyrolytic
graphite is reaction rate controlled; oxygen diffuses to the
surface more rapidly than it can react at the surface. Previous
studies of graphite ablation have primarily considered only
molecular oxygen. However, it has been observed that at high
temperatures atomic oxygen reacts with pyrolytic graphite 50-
80 times as fast as molecular oxygen.M

The surface reaction rate, which is kinetically controlled,
proceeds fry5

C + O.-CO + O (1)
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Reactions forming CO2 are neglected because they are much
slower. We have also neglected reactions involving gas phase
molecules other than oxygen. Although H2O and CO2 may
actively contribute to graphite oxidation, Schaefer et al.6

present an equation for the oxidation rate of pyrolytic
graphite in the presence of H2O and CO2 from which we
estimate that the combined mass loss from those two gases is
less than 1 % of the expected loss from oxygen alone.

This Note compares the recession rates of pyrolytic graphite
due to molecular and atomic oxygen over a wide range of
ramjet operating conditions. It is concluded that the neglect of
atomic oxygen can contribute errors as large as 100% in
predicted pyrolytic graphite recession rates.

Molecular Oxygen Recession Rate
Nagel and Strickland-Constable7 reported rate constants

.for the oxidation of pyrolytic graphite. They fit their ex-
perimental data to a surface reaction mechanism proposed by
Blyholder et al.,8 which involved two different rate
equations. At temperatures below 1000 K the oxidation is
described by a rate equation with an activation energy of 25 to
30 kcal/gmole. Between 1500 and 2300 K, the rate of
oxidation reaches a maximum, then decreases. At still higher
temperatures it increases again, following a rate equation with
an activation energy between 70 and 90 kcal/gmole.

Blyholder et al. assumed two types of surface active sites to
be present on carbon. The more reactive (type A) sites support
the oxidation reaction at low temperatures. At higher tem-
peratures, some type A sites are converted to less reactive
(type B) sites. This accounts for the temporary decrease in the
oxidation rate in the intermediate (1500-2300 K) range of
temperatures. The mechanism is described by a set of three
elementary reactions

Reaction Rate (gram atoms C/cm2-s)

(i)

(ii)

(iii) A^

(3)

(4)

(5)

where (x) is the fraction of surface covered with type A sites;
(1 -x) the fraction of surface covered with type B sites; PO2
the partial pressure of oxygen in atmospheres, and kA, kB, kz,
and kT are reaction rate constants. Applying the stationary

state assumption to Eqs. (4) and (5) yields the value of x as

(6)

The recession rate in cm/s becomes

(7)

using Eqs. (3) and (4), where Eq. (6) defines x. The density of
pyrolytic graphite, ppg, is assumed to be 2.20 g/cm3

throughout this study.
Using a best fit to the experimental data, Nagle and

Strickland-Constable7 obtained the following rate con-
kB=4A6x 10~3 exp

A: r=1.51xl05 exp (-97,000/tfjTJ;
^=21.3 exp ( + 4100/l?rw); where R = 1.987 cal/gmole-K
and Tw is the surface temperature in K.

The recession rate is shown in Fig. 1 as a function of the
wall temperature for several values of molecular oxygen
partial pressure.

stants: A^=20 exp (-30,000/7?TJ; *B


