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pendent of 6, indicating an equal distribution of emitted
radiation.
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Effect of Reflections from CO2

Cryodeposits on Thermal Testing
in Space Chambers
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IN space simulators the test vehicle is surrounded by black
surfaces which are cooled to near 77°K to minimize their

emitted radiant flux and to increase the vacuum pumping
capacity of the space chamber. If C02 or H20 cryodeposits
form on the black cryopanels, their visible and near-infrared
reflectance properties are altered.1 This Note presents the
results of an experiment investigating the effect of reflections
from CO-2 cryopanel deposits on the steady-state tempera-

Fig, 1 Hollow cylinder-paddlewheel test model mounted
In space simulation chamber showing CO2 cryodeposits on

wall and floor cryopanels.
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tures of a test article irradiated directly by a simulated solar
flux of 140 mw/cm2.

The space chamber employed was a vertical cylindrical
tank, 12 ft in diameter by 35 ft in height. Its vacuum pumping
system consisted of mechanical and oil diffusion pumps, and
LN2-cooled cryopanels. The chamber was equipped with an
off-axis, "top sun" solar simulator whose radiation source was
an array of 20-kw, short-arc xenon lamps. After passing
through an optical integrator, the radiation was reflected
downward by a 10-ft-diam collimating mirror to irradiate an
8-ft-diam by 8-ft-deep test volume at one Earth orbit solar
constant.

The test article was a closed hollow cylinder with flat
paddle surfaces attached to one end (see Fig. 1). This con-
figuration was constructed from 0.125-in.-thick 2024 T4
aluminum sheet and instrumented with copper-constantan
thermocouples at the 21 locations shown in Fig. 2. The test
model was oriented in the space chamber so that the longitu-
dinal axis of the cylinder was parallel to the collimated beam
of solar simulator irradiance. The azimuthal orientation of
the model was such that the <£ = 270° index position (see
Figs. 1, 2) faced the chamber viewports. It is seen from Fig.
1 that the top surfaces of the cylinder and paddles, which
were irradiated directly by the solar simulator, were coated
with white paint. The circumferential surface of the cylinder
and the underside of the cylinder and paddles were coated
with black paint.

Procedure
The chamber was first evacuated to 10 ~5 torr using me-

chanical and oil diffusion pumps. Then the cryopanels were
cooled with LN2 thereby surrounding all but the top of the
test volume with black 77°K surfaces. After the chamber
pressure had decreased to 10 ~6 torr, the solar simulator ir-
radiance was set at 140 mw/cm2. The test model was ir-
radiated until its temperatures reached steady-state after
3.1 hr. Readings from the 21 thermocouples on the model
were recorded periodically during this time. The solar simu-
lator irradiance was monitored by a filter radiometer (see
Fig. 1) and a calibrated thermopile mounted in the chamber
at the model level.

After this test run was completed, the solar simulator was
turned off and the wall cryopanels were allowed to warm but
the floor cryopanels were maintained near 77°K. The conven-
tional pumping system was then valved off and a known
quantity of C02 was introduced diffusely into the chamber.
This formed a given thickness cryodeposit on the floor
cryopanels and altered their reflectance. The thickness of
C02 deposited on the floor cryopanels was determined from

Fig. 2 Thermocouple locations on test model.
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mass conservation principles using a density of 1.5 g/cm3

for solid CXX1 After the C02 cryodeposit had been formed,
the vacuum pumping system was reopened and the chamber
pressure was reduced to 10 ~6 torr. Then, the wall cryopanels
were cooled to 77°K and the solar simulator irradiance set
at 140 mw/cm2. All 21 temperatures on the test model were
recorded periodically until steady-state conditions were
attained. The procedure was then repeated for cryodeposit
thicknesses up to and including 127 M- A slightly different
approach was employed for deposit thicknesses from 0.146
through 2.51 mm. The wall cryopanels were not warmed up
while C02 was being added to the chamber and thus the C02
cryodeposit formed on both the wall and floor cryopanels.

Results and Discussion

The model steady-state temperatures for one solar con-
stant irradiance with negligible C02 deposit on the cryopanels
were measured at 21 locations and are given in Fig. 3. These
data are displayed along the model surface for the four azi-
muthal planes <p = 0°, 90°, 180°, and 270°. It is seen from
Fig. 3 that the paddle surfaces and cylinder top irradiated
directly by the solar simulator are the highest temperature
areas on the model with the former being somewhat hotter due
to their additional absorption of solar simulator flux reflected
from the floor cryopanels. Figure 3 also indicates that the
lowest temperature area on the model surface occurs around
the center of the cylinder side. It is also seen in Fig. 3 that
the model temperatures at corresponding locations in the
<p = 0° and <p = 180° azimuthal planes are essentially identical
but those in the <p = 90° and <p = 270° planes are not. The
temperaures of the cylinder side area and paddle surface in
the <p = 90° plane are appreciably lower than the corre-
sponding temperatures in the (p = 270° plane. This is because
both the cylinder side area and the top of the paddle surface
in the <p = 270° azimuthal plane absorb 295°K infrared
radiation coming from the viewport windows while the cyl-
inder side area and paddle surface in the <p = 90° plane are
not exposed to infrared radiation from viewport windows.

Figure 4 gives the total normal reflectance of various thick-
nesses of C02 cryodeposit on a black paint substrate for a
spectral irradiance equal to that of the solar simulator.2
The reflection reduction phenomenon observed for deposit
thicknesses less than 100 IJL has been reported previously1 and
is due to the refractive index of the deposit being less than
that of the black paint. If this decrease in reflectance oc-

Temperatures in °F

Fig. 4. Total
normal reflect-
ance of various
thicknesses of
CO2 cryodeposit
on a black paint
substrate for ir-
radiance from
test chamber xe-
non arc solar sim-

ulator.

curred for the floor cryopanels when thin C02 deposits were
present then the solar simulator flux reflected to the test
model would be reduced. The results given in Fig. 5a show
that for thin deposits of less than 95 JJL thickness the reduction
in solar simulator flux reflected to the test model is significant
enough to cause a decrease in the steady-state temperatures
of the model. Data are presented for four representative
model locations; the cylinder top (thermocouple location 2),
the cylinder side (thermocouple location 5), the paddle sur-
face (thermocouple location 18), and the cylinder bottom
(thermocouple location 20). The maximum temperature de-
crease observed on the paddle surface is 5°F, on the cylinder
bottom, 3.5°F, and on the cylinder side, 3°F. These maxi-
mum temperature decreases occur for a deposit thickness of
17 /*. It is also seen that there is a small decrease in the
temperature on the cylinder top. This temperature decrease
is not directly attributed to a reduction in solar simulator
flux reflected to the cylinder top but is a result of the in-
crease in energy flux loss from the top by conduction and in-
ternal radiation to the colder cylinder side and bottom.3

Further analysis of the results in Fig. 5a shows that when
the C02 deposit thickness on the floor cryopanels exceeded
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Fig. 3 Test model steady-state temperatures for one solar
constant irradiance with no CO2 deposits on space simula-

tion chamber cryopanels.

Fig. 5 Changes in steady-state temperatures of test model
due to reflection of solar simulator flux from C(>2 cryo-

deposits.
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approximately 105 M the model temperatures at the four
locations were greater than when no C02 cryodeposits were
present. Figure 4 shows that this is to be expected since the
reflectance of C02 deposit on a black paint substrate is greater
than the reflectance of the bare substrate when the deposit
thickness exceeds approximately 100 ju. For a deposit thick-
ness of 127 /z, the temperature increases resulting from the
increased solar simulator flux reflected to the model are, as
seen in Fig. 5a, 16°F on the cylinder bottom, 14°F on the
paddle surface, and 8.5°F on the cylinder side. The 6°F
temperature increase observed on the cylinder top is a re-
sult of the decrease in the energy flux loss from the cylinder
top by conduction and internal radiation to the cylinder side
and bottom.

Figure 5b presents the changes in the steady-state tempera-
tures obtained at the four representative locations on the
test model due to reflection of solar simulator irradiance from
various thicknesses of thick (0.146 to 2.51 mm) C02 deposits
on the floor and wall cryopanels. The changes in the four
temperatures rise drastically with thickness due to the in-
creased reflection of solar simulator irradiance by the thicker
CO-2 cryodeposits. The greatest increases in temperature
with deposit thickness occur on the cylinder bottom and the
paddle surface since these two representative model locations
have the largest view factor for the solar simulator irradiance
reflected directly back toward the vehicle from the floor
cryopanel deposits. At location 20 on the cylinder bottom,
this temperature increase is as much as 75°F for a deposit
thickness of 2.51 mm. Most of this temperature increase,
60°F, occurs for a thickness of 0.78 mm. Figure 5b also
shows that a smaller temperature increase occurs at location
5 on the cylinder side (up to 37°F for a 2.51 mm deposit)
than on the cylinder bottom and paddle surface locations
because the former location does not have a large view factor
for the solar simulator irradiance reflected from the floor
cryopanel deposits. However, location 5 on the cylinder
side does have a large view factor for solar simulator flux
reflected from the wall cryopanel deposits. In addition, part
of the temperature rise at this location results from an in-
crease in the conduction and radiant energy flux from the
cylinder bottom and paddle surface which have an increas-
ingly higher temperature. The smallest temperature rise
observed on the model (up to 24°F for 2.51 mm deposit) was
at location 2 on the cylinder top. Since the cylinder top is
highly reflecting in the spectral range of the solar simulator
and also has only a small view factor for solar simulator flux
reflected from the wall cryopanel deposits, most of the tem-
perature increase occurring at this location is due to the de-
crease in the energy flux loss from the cylinder top by inter-
nal radiation to the cylinder side and bottom.

Conclusions

The reflection of solar simulator flux from C02 cryopanel
deposits less than 100 ^ thick has only a small effect on the
thermal balance of a test article in a space chamber. This
effect is not detrimental and the steady-state temperatures of
the test vehicle can actually be lower than when there are no
C02 deposits on the chamber cryopanels. The reflection of
solar simulator flux from C02 cryopanel deposits of thick-
nesses greater than 100 /z has a very adverse effect on the
thermal balance results for a test model in a space chamber.
Most of the increase in test model steady-state temperatures
occurs for a deposit thickness of only 0.78 mm.
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Interior Ballistics for Wide-
Temperature Throttling of Solid-

Propellant Rockets
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Introduction

CONTROLLABLE mass flow rate, or throttling, over a
wide temperature range, is one of the principal goals in

the current effort to improve the performance and versatility
of solid-propellant rockets. To minimize inert weight, the re-
quired throttling ratio, rreq =s (Wmax/mmin)req should be ac-
complished in as low a chamber pressure ratio, (/> = (Pmax/
Pmin), as possible. This, in turn, requires a high burning
rate pressure exponent, n, which is limited only by the capa-
bility of the control system. Generally, 0.7 ^ n ^ 0.8 is
considered optimum. For wide-temperature-range opera-
tions, typically —65 to 165°F, the temperature sensitivity of
equilibrium pressure TTK can significantly increase the pressure
ratio required. Thus, TTK should be minimized.

This Note concerns the interior ballistic considerations per-
tinent to wide-temperature-range throttling by means of a
variable-throat-area nozzle. Specifically, the discussion de-
lineates a) the effect of the operating temperature range on the
usable throttling ratio, TU = (mmax/mmin)Usabie, b) the specific
temperature/pressure combinations that limit ru (and the
combinations that do not), and c) the tradeoff between pres-
sure and temperature sensitivity. It is shown that a single
parameter, designated the wide temperature throttling expo-
nent, UT, is useful for rapid screening of the effects of propel-
lant composition and on throttling potential.

Discussion

For simplification and clarity, it is assumed that the pressure
and temperature sensitivities of the discharge coefficient are
negligible, and that the propellant ballistics can be represented
by

at the design temperature, even though these assumptions are
not essential to the basic concept advanced, c is an empirical
constant whereas T is propellant temperature. Thus, TTK, TTP
and n are related by the well known expression:

irK = Wp/(i - n) (2)

where

[^ , -i (temperature sensitivity of pressure at
~^fT constant K, propellant burning surface

area to throat area ratio) (3)

d m r (temperature sensitivity of burning rate
dT _\p at constant pressure) (4)

Equation (2) shows that TTK can be reduced by reducing n
and/or irp. Since reducing TTK by reducing n would only lead
to a net loss in ru for a given </>, the only useful approach to re-
duce TTK for wide temperature throttling is to reduce irp. A
usable throttling ratio (TU) for a wide temperature range is the
one throttling ratio that can be realized at every point within
the temperature range. It is the throttling ratio obtainable
at a given temperature (for a given pressure ratio and n)
diminished due to the effect of TTP. Furthermore, it will be
shown later that only the reductions in TTP at the high T/low P
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