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propellant surface rotates as a solid body. Hence

, dP co2r2r Td_p _
Jo L P ~ (19)

Using Eq. (17), the left side of Eq. (19) can be expressed as
a function of temperature only,

<20)
Substituting Eq. (18) into Eq. (17) and multiplying each
side by T2 allows the left side of Eq. (20) to be integrated
where I7* = T/Tf

n)
TfRg

(21)

It can be shown that T* must lie between Tci* and 1.0.
Once T*(r) is obtained, the radial momentum Eq. (17) can
be integrated to obtain P(r). The integration can be carried
out numerically from the specified Pci to the desired P(r)

(22)

The properties across the propellant surface can be evalu-
ated by substituting the T*(r) from Eq. (21) and the P(r)
from Eq. (22) into Eqs. (1), (14), W - aR0TP»-1, and P0 =
P(77o/77)«T/(')'~1). In addition? the functions relating the
properties along the streamlines may be evaluated at the
propellant surface:

C(*) = [J^nWlVAW^1 (23)

E = //o W; r = cor2 (24)

Figure 4 presents some typical results for the variation of
Pod with a? for end-burning motors. As co is increased for a
given Pod, the throat size required to pass the same mass
flow also increases. In most cases it is desired to find the
chamber conditions which will occur for a particular co and
ec. Under these circumstances, it is necessary to vary the
Pg at a given co until the desired Rt is obtained. Increasing
€c, or decreasing Tf or 7, increases the pressure sensitivity of
the propellant to rotation. These effects can be explained
qualitatively in the following manner. Decreasing 7 or Tf
tends to decrease the sonic velocity of the gas, hence Wt is
reduced. Increasing ec tends to increase the tangential Vt
due to the conservation of angular momentum. Thus for a
given 00, Vt/Wt becomes larger for increasing contraction
ratio and decreasing 7 and T/ of the propellant gases. As
Vt increases, the effective At decreases. An increase in yd
affects Pg in the same manner as a decrease in Tf or 7.

Concluding Remarks
The theory presented here permits the extension of one-

dimensional flow concepts to flows which are not homen-
tropic and homoenergetic. The solution for a particular
problem depends upon the initial conditions and the nozzle
geometry. Once the throat is determined, other planes in
the subsonic and supersonic portions of the nozzle can be
investigated, recalling that radial velocities are assumed to be
negligibly small.

The effects of changing composition along a streamline
may be included in a simple manner if equilibrium reactions
are assumed to occur. In this case, a map of the molecular
weight 9fH, specific heat ratio 7, and temperature T as a func-
tion of pressure should be determined. Then, during the
iteration for the throat pressure, the correct values of 7, 3fTC,
and T can be introduced for each stream tube as determined
by equilibrium calculations for the assumed pressure. The
problem of flow with chemical kinetics may also be studied;
however, a time integration must be made reflecting the
proper nozzle geometry.
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Reaction between Oxygen Difluoride
and Diborane. I: Preliminary Results

ROBERT A. RHEIN*
Jet Propulsion Laboratory, Pasadena, Calif.

Introduction

MISSION studies1 have indicated that the OF2—B2H6
propellant system, with a calculated maximum specific

impulse (1000-14.7 psi) of 368 sec, can provide a payload
capability exceeding that of F2—H2 and 62—H2 and that it
has advantages in handling and space storability. Both
OF2 and B2He are storable in spacecraft, have compatible
liquid range, and are hypergolic, with rather short ignition
delay times, at sea level and at high altitudes. This Note
discusses the results from some preliminary experiments
designed to provide a qualitative understanding of the OF2—
B2H6 reaction. In these experiments, the partial pressures
of OF2 or B2H6 were 20 torr or less. The reacting mixture
was studied by 1) observing it in Pyrex bulbs kept at ambient
or lower temperatures, 2) determining gas composition vs
time at ambient temperatures from infrared spectra, and
3) obtaining pressure-temperature relationships of an equi-
molar mixture at low pressures during a transient heat-up
cycle (to 260°C) in a metal "reactor."

Experimental Methods and Results
The B2H6 (supplied by Gallery Chemical Company) was

purified, first, by being cooled to — 195°C and pumped for
H2 removal. Then, after being warmed to —160°C (with
an isopentane slush bath), it was pumped out and collected
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Fig. 1 Infrared spectrum of product composition with
20-torr OF2 and 20-torr B2H6.

in a trap held at — 195°C. No impurities could be detected
from vapor pressure measurements, infrared spectroscopy, or
mass spectrometry. The OF2 (supplied by Allied Chemical
Company) was purified by distillation in an apparatus de-
scribed by F. J. Metz.2 Gas density, infrared spectrometry,
and vapor pressure indicated negligible impurities in the
purified material. The Pyrex bulbs used for the ambient
temperature experiments were made from 100-ml, round-
bottom flasks. Gas pressures of 0-20 torr range were mea-
sured by a diaphragm gage (Wallace and Tiernan Inc.,
Catalog FA 141700), and pressures from 20 to 760 torr were
measured by a Heise bourdon tube gage.

Observations from Preliminary Experiments

The preliminary investigations showed that
1) No rapid reaction occurred when B2H6 was added to

OF2; for the following three partial pressure combinations (in
torr):

OF2: 20 10 7.9
B2H6: 20 19 7.4

2) No explosive pressure-change, or other reaction, oc-
curred when a spark was passed through a mixture of 7.9-torr
OF2 and 7.4-torr B2H6. In this experiment, the flask was
equipped with two tungsten leads about ^ in. apart at the
center, and the spark was produced by a Tesla-coil discharge.

3) Mixtures of OF2 and B2H6 exploded when a J-in.-diam
spot on the flask was heated to glowing by a glassblower's
torch. In one experiment with 7.9-torr OF2 and 7.9-torr
B2H6, the mixture exploded with a ping and the pressure
jumped to 35 torr; in another, 20-torr OF2 and 20-torr B2H6

(a) PYREX CELL
AgCI WINDOWS
INITIALLY: 20-torr OF j

Or°F2 15-torrB^J

(b) STAINLESS STEEL CELL
AgCI WINDOWS
INITIALLY: 20-t

0 I—————i__________I I I
0 0.5 l.O 1.5 2.0 2.5 ,0 3.5 4.0

Fig. 2 Calculated concentration vs time for OF2, B2H6,
and BF3 resulting from the reaction of OF2 and B2H6 at

ambient temperature.

Table 1 Infrared absorption peaks0

Compound

B2H6

BF3

OF2

SiF4
HBF2

B2F4
B203

Wavelength of peaks, p

3.75, 3.88, 3.92 (s); 5.25, 5.35 (m); 6.10,
6.16, 6.26 (vs); 8.32, 8.50, 8.61 (s);
10.26 (m)

6.61, 6.67 (s); 6.84, 6.90 (vs); 7.22, 7.33,
7.44 (s); 13.90 (s); 14.46 (s)

5.70, 5.76 (m); 10.65, 11.10 (m); 11.92,
12.10, 12.26 (s)

8.32 (m); 9.70 (vs)
6.68, 6.84, 6.87 (s); 7.07, 7.12, 7.19 (vs);

8.33 (m); 10.60 (m); 10.82 (s)
7.07 (s); 7.29 (vs); 8.65, 8.64 (vs)
Broad, 7.5 max (s); broad, 14.0 max (m)

Ref.

5

6

7

8
9

10
0 m = medium, s = strong, vs = very strong.

exploded, and a yellowish-brown oily residue remained on
the inside surface of the flask.

4) When B2H6 was added to 20-torr OF2, the mixture ig-
nited and burned; a greenish flame stabilized itself at the tip
of the lead-in tube (an 8-mm Pyrex tube extending to the
center of the flask). This was the only example of gas-
phase hypergolicity.

5) When OF2 was inadvertently condensed on solid B2Hs
at — 195°C, no reaction was detected; the mixture exploded,
however, when it began to warm up. When 5.4-torr OF2
and 5.4-torr B2H6 were condensed into the tip (i.e., bottom
\ in.) of a small cold finger about 2-mm i.d., of a 100-ml
spherical flask immersed in liquid nitrogen (LN2) at — 195°C?
the solid B2H6 coexisted with the liquid OF2. When the
LN2 was removed, the tip warmed and exploded loudly. This
result agrees with a report3 of an explosion that resulted when
liquid B2He at —169°C was dropped upon liquid OF2 kept
at -195°C.

6) To determine whether the explosive reactions described
in 3 and 5 were the consequence of a low-temperature reaction
forming an unstable compound, the following experiment was
conducted. The OF2 and B2H6 were condensed together in
the tip of a cold finger cooled to — 195°C; there the solid
B2He was in intimate contact with the liquid OF2. The tip
was then warmed to —183°C by being immersed in L02.
The pressure rose to 5.5 mm, corresponding to the vapor
pressure of OF2 and to the amount of OF2 originally present
(at -183°C the vapor pressure of B2H6 is negligible4). The
OF2 was pumped out, and the tip was allowed to warm to
the ambient temperature (Tamb). The pressure rose to 5.0
torr, corresponding to the B2He originally present and showing
that essentially no reaction had occurred.

7) Another experiment showed that mixtures of OF2 and
B2H6 can be cooled to —195°C without reaction. The neck
of a 100-ml round-bottom flask was sealed off at the bottom
to form a tube approximately 12 to 14-mm i.d. and 30-35
mm long. In this flask, a mixture of 5.0 torr OF2 and 5.4
torr B2He was cooled to —195° C by total immersion in LN-z
and then allowed to warm to Tamb. There was no evidence
of reaction as the total pressure returned to its initial value.
Then the bottom 15-20 mm of the tube on the flask was cooled
in LN2 and the pressure in the flask reduced to somewhat
less than 1 torr, corresponding to the vapor pressure of OF2
at that temperature. Solid B2H6 was seen distributed about
the cold portion of the tube. Again, when the flask was
allowed to warm to Tamb, the total pressure returned to its
initial value. Presumably, when a sufficient area of the
flask is cooled, the B2H6 is distributed over a relatively large
area as it condenses and subsequently freezes; hence only a
very small amount of B2H6 and OF2 are in contact.

Composition Measurements with an
Infrared Spectrometer

The product composition for a typical OF2—B2H6 reaction
was determined from an infrared spectrum (Fig. 1) taken
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Fig. 3 Temperature vs time for heating at full power and
for cooling of a nickel reactor.

17 hr after the preparation of a 20-torr OF2) 20-torr B2H6
mixture. The compounds responsible for each absorption
peak were identified with the help of the literature given in
Table I.5-10

They included B2H6, OF2, BF3, HBF2, and SiF4. The SiF4
was presumably formed either by reaction of the OF2 with
the Pyrex container during storage before the experiment,
or between a product of the OF2—B2H6 reaction and the wall
of the infrared spectrometer cell. The BF3 was apparently
the major product, as seen from the absorption intensity
of the BF3 infrared bands. The HBF2 arose from the reac-
tion of BF3 with B2H6.8 After the cell was evacuated, a
residual, broad, low-level absorption band, peaking at 7.5 ju,
was seen (see Fig. 1) that was attributed to a film of B203 on
the cell windows.

Preliminary estimates of the partial pressures of OF2, B2H6,
and BF3 vs elapsed time from the addition of OF2 to B2EU
are shown on Fig. 2. The partial pressures of the constituents
were assumed to be proportional to their infrared absorb-
ances. The estimation of the partial pressures of the con-
stituents would be in error because of light scattering and
pressure broadening.11 Although pressure broadening de-
pends upon the nature of the added gas and its pressure,12 and
for quantitative work should not be regarded as negligible,
it was not accounted for here. Consequently, the estima-
tion of the partial pressures is subject to refinement.

OF2—B2He Reaction at Elevated Temperatures

Because a nonreacting mixture (or a mixture in which the
total number of moles of volatile products were equal to the
number of moles of reactants) would exhibit a linear relation-
ship between temperature T and pressure p during heating,
any noticeable deviation from linearity in p ( T ) would indi-
cate a reaction. In addition, the pressure measurement
would show the total number of moles of gaseous species.

For a typical OF2 and B2H6 mixture, p(T) was obtained
by heating a reactor made of J-in.-thick nickel, 1\ in. long
and 4j in. in diameter. This can had three thermocouple
wells extending radially inward f in. from the wall and posi-
tioned in the axial direction at the center and \ in. from the
ends. The top and bottom were each heated by two con-
centric ring heaters (Chromolox ring heating elements—
inner, A-00, 120 v, 200 w; outer, No. A-40, 120 v, 750 w).
The sides were heated by five cylindrical band heaters
(Rama-band heaters, 120 v, 45 w). This reactor was placed
within a second vessel 9f in. in diameter by 11 in. long, and
the space between was filled with insulation (Fiberfax Ce-
ramic Blanket, XSWF, The Carborundum Co.). The
voltages to the heaters were individually regulated with auto-
transformers. The pressure was measured by a transducer
(Statham Model 11147, Spec. PA 731TC-2-350, 0-2 psia, 5
v max.) and its analog displayed, along with the thermocouple

TEMPERATURE, °C

Pressure-temperature relations for gas heated in a
nickel reactor.

output, on an x-y recorder. The three thermocouples showed
very nearly the same temperature over the entire temperature
range of operation. Typical full-power heating and subse-
quent cooling curves for the evacuated reactor are shown in
Fig. 3. It was assumed for subsequent experiments that
small quantities of gas in the reactor were in thermal equilib-
rium with the wall.

To develop an appropriate interpretation of the state
properties produced by the reaction that might occur between
OF2 and B2He at elevated temperatures, mixtures were
formed with 20 torr each of the reactants, and 20 torr each
of the reactant with 20 torr of inert argon. Each mixture was
then subjected to the full-power heating cycle (Fig. 3). The
resulting p(T) curves are compared with a calculated curve
for a perfect gas in Fig. 4. The curve for the OF2—Ar mixture
followed the inert gas curve, indicating that the OF2 de-
composition was negligible. However, the B2H6—Ar curve
indicates appreciable decomposition of the B2H6 in the range
of 120° to 170°C. The decline in the B2H6 decomposition
rate at ~173° C is probably due to the completion of the
B2He decomposition at that temperature. The B2He—OF2
reaction rate (curve 2) was somewhat greater than the rate
of decomposition of B2H6 in the B2H6—Ar mixture (curve 4) in
the 25° — 60°C period and it was appreciably faster in the
60°-80°C period. Above ~120°C, the trend reversed.
The OF2—B2He mixture followed a complex reaction path
for temperatures to about 220°C, although above that tem-
perature the reaction appears to have nearly ceased. There
does not appear to be any simple relation between B2He
decomposition and the B2He—OF2 reaction. The linearity
of p(T) along the cooling curve indicated that there was no
significant reaction during cooling and permitted an extrap-
olation from 74° C (where the volatile contents were with-
drawn for analysis) to 25° C where the corresponding pressure
for the new equilibrium composition for the reactants is
shown to be 71 torr.

4000__3000 _ _ . 2000 500 700

Fig. 5 Infrared spectrum from the product of reaction
OF2 and I^He heated in a nickel reactor.
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To determine the composition of these noncondensable
reaction products, the reactor containing the products from
the OF2—B2H6 reaction was opened to an evacuated bulb
through a cold trap held at —195° C. A mass spectral
analysis, performed by M. Frech of the Jet Propulsion Lab-
oratory, showed that better than 99% of the material trans-
ferred to the bulb was H2. An infrared spectrum of a sample
of the constituents retained in the cold trap is shown in Fig.
5. Identifiable compounds included BF3, HBF2, and SiF4.
A peak at 8.7 ju, was attributed to B2F4, but that identification
was uncertain. The BF3 was definitely the predominant
reaction product. If the reaction between OF2 and B2H6
were assumed to be

30F2 + 3B2H6 -» B203 + 2B + 2BF3 + 9H2j

then the calculated final pressure for 40-torr initial pressure
would be 73.3 torr, a value very close to the observed 71
torr. The reaction equation assumed that nonvolatile boron
and B203 would have been formed as products of the B2H6—
OF2 reaction. The presence of solid products was verified
experimentally when 200 mm of F2 was added to the evacu-
ated reactor and heated to 600°C; the resulting gases were
pumped out through a Pyrex trap, indicating the pressure
of BF3 and SiF4 (the latter having resulted from the reaction
of F2 with the Pyrex). The BF3 must have come from non-
volatile materials in the reactor by such reactions as

B203 + 3F2 -> 2BF3

and

B + | BF3

and its existence serves to substantiate the reaction equa-
tion noted previously. The composition of the solid materials
is likely to be more complex than a mixture of B and B203,
and may well consist of polymeric materials containing B,
H, and 0. Further studies are required to determine their
nature.

Conclusion

At ambient temperatures and low pressures, OF2 and B2H6
react slowly to produce mostly BF3 and probably H2 as vola-
tile products. Mixtures of OF2 and B2He can coexist at
— 195° C, but they can also explode while warming to
ambient temperature. When these compounds are heated
together, nonvolatile boron compounds, along with BF3, H2,
and smaller amounts of HBF2 and possibly B2F4, are pro-
duced. The reaction of an equimolar mixture of OF2 and
B2H6 may be tentatively represented as

30F2 + 3B2H6 -> B203 + 2B + 2BF3
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Nonsteady Flow past Duct Junctures

A. W. ZlMMERMAN,* J. B. PETERSON,f
AND H. J. CARPENTER^

TRW Systems Group, Redondo Beach, Calif.

Nomenclature

hydraulic diameter
= defined by Eq. (3)
= enthalpy per unit mass
= length of duct for steady adiabatic flow to be

accelerated by friction from M to M = 1
Mach number
pressure; Pi3- = P{/Pj

= radius or gas constant
= temperature
= time
= velocity
= distance
= ratio of specific heats
= nondimensional momentum loss~clefined by Eq. (2)
= density
= shear stress at wall

Subscripts
t = stagnation property
1,2, ... = flow regions (indicated on figures)

Superscript
* = sonic point property

1. Introduction

AVENTILATION system for an underground bomb
shelter must be designed to prevent the passage of a

bomb-produced blast wave into the installation. A blast
valve triggered in advance of shock arrival may be used.
For analyses of blast loads, a method for treating the flow
in the neighborhood of duct junctures is needed. In general,
this flow will be three-dimensional and viscous, and complex
wave interactions will occur. However, a duct juncture is
typically a small part of a duct system, and the time required
to establish quasi-steady flow in the juncture is much shorter
than for the ventilation system as a whole. We will assume
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