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The mass transfer parameter and recovery factor are calcu-
lated by interpolation between the laminar and turbulent
values interms of the factor

F = logi(St./Str)/logi(KStr/Sts) (6)

The transitional heating regime corresponds to 0 < F <
0.99.

Growth of Monitored Surface Roughness

Between the initial and the maximum roughness dimen-
sions [assumption (5)], the surface-roughness growth rate
may be expressed as a function of pressure, Reynolds number,
surface roughness, surface recession rate, and other yariables:

dk/dt = f(p,Re,dN/dt, . . .) %)

Before the functional form is determined by extensive
theoretical and experimental studies, the following relation-
ship may be considered (n > 1):

de |1k = knin)/ (ks = kumin) V(AN /df), knin <k < kc,

dt | {Enax — &)/ Gwax = ko) V(AN /dE), ke <k < kmax

®
Integration of Eq. (8) between limits kmin and kmax yields
AN = [’ﬂ/(’n - 1) ](kmax - kmin) (9)

The case n — o corresponds to the upperlimit roughness
growth rate, provided no surface fracture occurs. On the
other hand, zero growth rate corresponds ton = 1.

Application of Methods

The present method is used to predict the heat-transfer rate
on roughened hemispheres and cones presented recently by
Thyson et al.'? Reasonable agreements between prediction
and data are obtained, as shown in Figs. 1 and 2.

Experimental data have not been found to validate the as-
sumption on surface roughness growth. Nevertheless, Eqgs.
(8) and (9) may be used in parametric sensitivity studies, par-
ticularly when an approximate estimate of the magnitude of
recessions is available.
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An Experimental Investigation of
Superheated Subliming Solid

Thruster Performance

W. L. Owens JR.*
Lockheed Missiles & Space Company, Sunnyvale, Calif.

Introduction

LIMITATION of subliming solid thrusters has been the

relatively low specific impulse obtained at propellant
temperatures on the order of 100°F.! This Note presents
experimental data for a superheated subliming solid thruster
which indicate that a considerable improvement in per-
formance iIs possible through an increase in gas temperature
and an attendant reduction in molecular weight. The tech-
nology of vapor superheaters has advanced through its ap-
plication to nitrogen, ammonia, and hydrogen resistojet
systems.2™® Resistojets are available that will maintain
an operating temperature of 1500°F with a heat loss of 12
w (Ref. 4) or 3700°F with a heat loss of ~30 w (Ref. 5).
The experimental data presented show that delivered specific
impulse (Isp) for ammonium carbamate can be suitably pre-
dicted using a correlation for nozzle performance that has
been shown to correlate most of the available data for throat
Reynolds number (Re*) in the range of 100-10,000. Total
propulsion system mass as a function of total impulse for
two gas temperatures and several thrust levels is shown using
predicted Ip’s.

Propellant Selection

Most candidate ‘‘subliming” solid propellants are ammo-
nium salts which decompose to produce two-four vapor-phase
molecules for every solid-phase molecule. Heating the
“sublimed” vapor sufficiently causes the NH; to dissociate
into Ny and H, with an attendant improvement in specific
impulse at the expense of the heat of dissociation.

Elimination of the ammonium salts that are toxic, ex-
plosive, undergo pyrolysis, or have too low a vapor pressure
leaves essentially seven candidate substances: ammonium
bicarbonate, -bisulfide, -bisulphite, -carbamate, -carbonate,
-sulphide, and -sulphite. Ammonium carbamate was chosen
from these because of its low dissociated molecular weight
(26 at 100°F, 15.6 at 2000°F), suitable vapor pressure (210
torr at 100°F), and ease of manufacture. The nonelemen-
tary sublimation and dissociation reactions for ammonium
carbamate (NH,CO,NH,) are

Sub Dissoc
NH4CO2NH2 S COz + 2 NHg, COz + 2(1 - €)NH3 <

002 + €N2 + 3€H2

Presented as Paper 70-210 at the ATAA 8th Aerospace Sciences
Meeting, New York, January 19-21, 1970; submitted October
13, 1970; revision received April 1, 1971.
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with N, using an expression from Ref. 1 with an experi-
mentally-determined inlet loss coefficient.
were predictable within =39,
device® gave an accuracy of approximately +49%, for thrust.
4000 All of the testing was performed in a 3 X 3-ft vertical vacuum

The data for N,
A direct thrust measurement

chamber equipped with a 10-in. diffusion pump and a liquid
nitrogen cold trap. This provided chamber pressures lower

than 10 torr, which has been found necessary to avoid an
anomalous variation in measured thrust.”

The ammonjum

carbamate was obtained by combining gaseous CO, and NH;

in a glass resin kettle.

The H; produced in the NH; dissociation just shown, com-
bines with CO, in the ‘“water-gas” reaction to produce the
constituents shown in Table 1.

3 + 2¢).
50 is shown in Fig. 1 (top) for three conditions.
values are ~80 to 859, of those for NH; alone.
part of Fig. 1 shows the theoretical sublimation and super-
heater power requirements for superheater equilibrium
dissociation and frozen nozszle flow.

The sublimation power-thrust ratio (P/F) was calculated
by dividing ‘the heat of sublimation by the theoretical I,
The superheater P/F was ob-
tained by dividing the computed gas enthalpy difference
by the theoretical I, at various superheated gas tempera-
The actual P/F will depend on the degree of dissoci-
ation and the delivered specific impulse.
P/F may be obtained by dividing the values shown in Fig. 1
(bottom) by the ratio of delivered to theoretical I,,, which

.(middle curve Fig. 1 top).

tures.

is essentially a function of Re*.

The thrust system was composed of a propellant container
and heater to which a thermal storage resistojet and flow
Nozzle pressure was maintained
at the desired level during a run with a pressure feedback
Instantaneous mass rates were
obtained from a 0.037-in. i.d. capillary flow meter calibrated

meter were added (Fig. 2).

propellant-heater-controller.

Since the water-gas reaction
does not involve a change in the total number of moles, the
resultant average molecular weight is given by m = 78/-
Theoretical I, vs temperature for an area ratio of

Experimental Apparatus

The lower

Estimates of

These

Results

Ten runs were made, including three for the purpose of
calibrating the capillary flow meter.
mass rates were calculated from transient pressure measure-
ments of dry N; with isothermal tank blow-down.
nozzle discharge coefficient (Cp) vs Re* is shown in Fig. 3
(top) for runs 7 and 9. The general conditions for all of the
runs are shown in Table 2 (the nozzles had conical divergent
sections with 15° half-angles).

Capillary and nozzle

A plot of

A correlation of Cp from

Ref. 1 is included in Fig. 3 (top) which shows agreement

within the limits of experimental accuracy. Figure 3 (center)
shows Cp vs Re* for two runs with ammonium carbamate.
The solid and dotted lines indicate the upper and lower limits
of caleulated Cp for the cases of no dissociation and thermo-
dynamic equilibrium at the superheater exit, respectively.
These Cp values were calculated from the nozzle mass flow
equation using measured values of mass flow rate, nozzle
inlet pressure, and temperature, along with the values of
chamber molecular weight from Table 1 for the case of
thermodynamic equilibrium.

Comparison of the experi-

mental data to the Cp correlation from Ref. 1 indicates that
dissociation did not begin until a temperature of approxi-

mately 1200°F was attained.

A plot of ¢., vs Re*, along with the correlation from Ref. 1,
is shown in Fig. 3 (bottom); ¢sp is the ratio of experimental
I, to the theoretical undissociated frozen flow value.
data below 1200°F are shown for runs 6 and 10 where the
NH; is assumed to be undissociated. The variation in ¢y

Only

Table 1 Theoretical nozzle performance data for ammonium carbamate for P, = 5 psia and 4,/4* = 50

Vae I, sec Chamber composition, mole %,
Temp., Chamber

°K mol. wt Froz. Equil. CH, H,0 co N, CO, H, H OH
500 22.14 117.1 119.8 20.4 42.2 28.2 7.1 1.5

1000 15.63 193.9 225.6 14.0 13.9 20.0 6.1 46.0

1500 15.62 241.4 257.8 17.3 17.3 20.0 2.7 42.7 ..
2000 15.6 283.0 202.0 18.2 18.2 20.0 1.7 41.6 .
2500 15.38 321.5 335.6 18.0 18.3 19.7 1.4 39.6 2.7 0.3
3000 14.12 363.0 417.3 13.8 17.1 18.0 1.0 31.8 15.2 2.2
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Fig. 3 Experimental discharge coefficients and specific
impulse ratio vs throat Reynolds number.

for run 4 results from dividing the experimental I, by the
theoretical undissociated and dissociated frozen flow values.

Discussion

The degree of dissociation (¢) obtained for runs 6 and 10
was estimated from the following expression

1] . 1
Cp — Cp' [ (m' \V? 2
e ara () 1)

where 7 is the average molecular weight. The single prime
refers to the undissociated value of % and Cp while the double
prime represents the value for equilibrium dissociation. The
values of Cp’ and Cp” were obtained from Fig. 3 (middle)
for a particular temperature. The unprimed or actual Cp
was obtained by extending the undissociated portion of the
data below 1200°F to intersect the various isotherms as
shown for Run 6. This relatively simple method of esti-
mating e is based on the assumption that the actual value of
Cp, for dissociated flow, will follow the general variation with
Re* given in Ref. 1. It is anticipated that a further increase
in temperature above 2000°F would have resulted in the
dashed equilibrium dissociation lines decreasing to merge
with the projected Cp curve at the point where complete
dissociation was obtained. Values of 35 and 509 were
calculated for runs 6 and 10 for an exit temperature of 1800°
F. The heater element was a 2 X 0.07-in. i.d., 18:8 stain-
less steel tube.

The catalytic dissociation process for the flowing NH;
within the heated tube can be visualized as being composed
of the following four basic mechanisms: 1) counterflow
diffusion of NH; towards the wall against the dissociation
products through the basically stagnant CO,; 2) adsorption
of the NHj; on the surface of the catalyst; 3) the dissociation
reaction at active sites on the catalyst; and 4) desorption of
N, and H, from the catalyst surface. Any one or more of the
above mechanisms can control the rate of dissociation, re-
Sul’oing in values much less than those calculated for thermo-
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Fig. 4 Delivered specific impulse and nozzle pressure for
undissociated and dissociated ammonium carbamate.

dynamic equilibrium. The diffusion rate can be ruled out
as the rate-limiting step for the present data since both runs
6 and 9 had approximately the same laminar mass transfer
coefficients and gas residence times. It would be possible to
explain the greater dissociation for run 10 in terms of the
adsorption rate since this is a function of NH; concentration,
and run 10 had a pressure three times that of run 6. Despite
this, most of the available data tend to indicate that the
solid-catalyzed reaction is the principal rate-controlling
process. Recent tests to determine the influence of super-
heater wall material on NH; dissociation found that, at a
mass rate of 1 mg/sec and 1100°K, the degree of dissociation
was 0, 27, 76, and 899, for platinum, Hastelloy, Inconel,
and 18:8 stainless, respectively.® Dissociation began at
approximately 900°K, which is in essential agreement with
the present findings as well as data for NH; in 304 stainless.4
The 509, dissociation for run 10 can be attributed to a mass
rate which was roughly four times that for run 6. This re-
quired a heat flux approximately four times as large as run 6
for the same exit gas temperature, resulting in substantially
higher wall temperatures and a correspondingly greater
dissociation rate.

Additional effort is required to adequately assess the vari-
ous mechanisms leading to a rate limitation in the degree of
NH; dissociation-achieved in thrusters of this type. Using
well-established chemical engineering techniques, it would be
possible to establish design criteria for superheater length,
diameter, surface area, and material selection for any set of
operating conditions.

Performance

Although the amount of experimental data obtained was
somewhat limited, the general agreement with the correlation

Table 2 Experimental conditions

Run D*, A, Fave, I
No. in. A* T, °F 104 1bf Re* Ibf-sec/lbm Propellant
1-3 0.0105 10 275-900 4.3-5.7 400-1200 84-86.3 Amm. carb.
4 0.0324 50 1860 8.0 ~120 113 Amm. carb.
6 0.010 100 70-2000 2.8 210-750 68-105 Ammn. carb.
7-9 0.010 100 185-195 e 400-104 . Nitrogen
10 0.010 100 200-1800 13 600-2400 86-150 Amm. carb.
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shown in Fig. 3 (bottom) over a fairly wide range of operating
conditions indicates that the performance of superheated
ammonium carbamate should be predictable to within approxi-
mately =+5%.

A general relationship for throat Reynolds number is given
in Ref. 1 as Re* = 4F/muD*¢sl.p, where D* = throat
diameter, F = thrust, I, = theoretical specific impulse, p =
viscosity, and ¢s = Lop/Iept. Using values of ¢, from Ref. 1,
Fig. 4 was obtained to show the relationship between thrust,
throat diameter, nozzle pressure, and delivered specific im-
pulse for temperatures of 2000 and 4000°F. The range of
delivered specific impulse values for each Re* corresponds to
the degree of dissociation obtained. The low number is for
no dissociation while the high number is for complete dissoci-
ation. It is likely that complete dissociation would be ob-
tained at 4000°F. TFigure 4 illustrates the improvement in
specific impulse obtained by decreasing the throat diameter
for a particular value of thrust. It also shows that a portion
of the improvement in the theoretical specific impulse ob-
tained by an increase in temperature is offset by a reduction
in Re*, and hence ¢, for the same D* and F. The reduc-
tion in Re* occurs through the decreased mass flow rate and
increased viscosity associated with an increase in temperature.

From Fig. 4 it is apparent that specification of the propulsion
system mass will be dependent on ¥, D* and temperature
for Re* < 104 Figure 5 illustrates this dependence for am-
monium carbamate at the stated conditions. The choice of a
10-mil nozzle was somewhat arbitrary and the performance
at the lowest thrust levels could be improved by using a
smaller diameter if this were acceptable. The saving in
mass with an increase of superheated gas temperature from
2000 to 4000°F is on the order of 309%. An assessment of
the power source mass must also be made if this would not
normally be available—as has been assumed in Fig. 5.

The total power requirement can be estimated from Fig. 1
by multiplying the theoretical total P/F by F/¢s In
addition to this, the propellant container and superheater
losses must be supplied as well as power for flow eontrol.
If a valveless design were used, an additional 1 to 5 w would
be required, depending on the operating conditions.l®

Conclusions

High-performance superheated sublimining solid thrusters
are feasible by using present resistojet technology to mate-
rially increase the specific impulse. Performance comparable
to that of NHj; systems is possible when operated at the same
conditions. Where thrust-response times on the order of
minutes are acceptable, the 15 to 209 higher I, for NH;
resistojets can be offset by the increased reliability associated
with a valveless subliming solid thruster.
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An Experimental and Analytical
Study of Film Boiling Heat
Transfer to Hydrogen

B. L. Pierce” anp J. W. H. Cur'
Westinghouse Electric Corporation, Pittsburgh, Pa.

ARLY experimental studies on boiling heat transfer to

hydrogen involved the measurement of heat fluxes and
wall temperatures only. Core et al! and Wright and
Walters? studied both the nucleate and film boiling regimes
but did not correlate their data. Hendricks et al.® studied
the film boiling regime only and assumed an annular flow
model and vapor-liquid equilibrium. They correlated a
portion of their data through the use of the Martinelli
parameter. In an early attempt to use this correlation to
predict fluid and wall temperatures and fluid qualities, we
found significant discrepancies between observed and pre-
dicted values. Similar results were found by Chenoweth
et. al.*
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