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FOREWORD

The investigation "Carbon Compounds/Liquid Hydrogen Fuels" was con-
ducted by personnel of the Research Chemistry Laboratory, Research Labora-
tories Section, Engine Components Department, Aerojet Liquid Rocket Company.
The Program Manager was Dr. S. D. Rosenberg. The Principal Investigator was
Dr. E. M. Vander Wall who was supported by R. L. Beegle, Jr. and Dr. R. E.

Yates.
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ABSTRACT

An experimental program was conducted to determine the feasibility of
preparing suspensions of colloidal-size hydrocarbon particles in liquid hydro-
gen. The ultrafine hydrocarbon particles were prepared in-situ by injecting
hydrocarbon/hydrogen gas mixtures into liquid hydrogen under static and flow-
ing conditions. Several hydrocarbons were evaluated for use in the suspen-
sions; cyclopropane proved to be the most attractive candidate. Eventually

agglomeration of the hydrocarbon particles led to the settling of the sus-
pensions. '

Concurrently, the use of very small particles of hydrocarbons as par-
ticulate gelants for liquid hydrogen was investigated. The particles were
prepared in-situ using similar techniques; ethane was found to possess the
greatest gelling capacity for liquid hydrogen. Stable gels were prepared
with as little as 10 weight percent ethane. A stable gel of slush hydrogen
required no more than 4 weight percent ethane. The flowability of the gels
was demonstrated and the viscosity and yield stress values determined.
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1. INTRODUCTION | ,

The addition of small quantities of hydrocarbons, such as methane, to
the liquid hydrogen used as the propellant in nuclear propulsion systems
pffers a potentially beneficial method for reducing erosion in the flow chan-
nels of the nuclear reactor. Prior to the current program, no simple method
was available for incorporating the hydrocarbons at an appropriate concentra-
tion level in the liquid hydrogen fuel, ca. 5000 ppm.

The primary objective of this investigation was to initiate development
of a liquid hydrogen fuel which contained a carbon-containing compound at a
concentration level corresponding to 5000 ppm methane. In order to achieve
the objective, the investigation was conducted to determine whether the carbon-
containing compound can be prepared in the form of sufficiently small particles
so that they remain suspended in the form of a colloidal solution in liquid
hydrogen. An alternative route of investigation was also pursued, i.e., to
gel liquid hydrogen with a minimum quantity of carbon-containing particles.

The experimental investigation was directed towards (1) the preparation
of small hydrocarbon particles which remain uniformly suspended in liquid
hydrogen either because of their colloidal size or as a result of ge1at1on of
the liquid, (2) characterization of the colloidal and gelled suspensions, and
(3) evaluation of the stability of the hydrocarbon suspensions in 1iquid hy-
drogen as related to time. The results of the program are presented in this
report. |

The report is organ1zed as follows: (1) Introduct1on, (2) Theoret1ca1
Background (3) Experimental Procedures and Apparatus, (4) D1scuss1on of The
Experimental Results, (5) Implications of the Exper1mental Resu]ts, and (6)
Conclusions and Recommendat1ons '




IT. THEORETICAL BACKGROUND

The theoretical background section is divided into two major topics:
(1) theoretical specific impulse perforimance of a suspension of hydrocarbons.
in Tiquid hydrogen, and (2) particle size requirements for a stable suspen-
sion in liquid hydrogen. The topics are presented in this order.

A. THEORETICAL SPECIFIC IMPULSE PERFORMANCE OF A SUSPENSION
OF HYDRGCARBOMNS IN LIQUID HYDROGEN

Researchers concerned with the core erosion problem enccuntered
in the operation”of the NERVA engine hypothesize that.a concentration of
5000 ppm (0.5 wt%) of methane in hydrogen will significantly inhibit the
erosion process. Thus, the formulation of a uniform suspension of a carbon-
containing compound in liquid hydrogen at a concentration level corresponding
to 5000 ppm of methane is the major goal of the experimental program. Theo-
retical calculations indicate that, at an operating temperature of 4500°R,

a chamber pressure of 450 psia, and a expansion ratio of 100, 0.5 weight per-

~omn Al
Uod Vi

adiian £33 S Ton 1
il prudubc a apECl iC 1MpuUISe

t in Vigquid hydrogen wi

.9 .sec out of 876 sec, or 0.22% degradation in performance.
If gelation i5 required to maintain a uniform suspension of hydro-

carbon particles in liquid hydrogen, appreciably larger quantities of hydro-

~ carbons are required. Because of the extremely low molecular weight of |

hydrogen, the addition of relatively small amounts of hydrocarbon.wi11 cause

some degradation in performance. For illustrative purposes, the weight and

volume concentration relationships of solid methane in liquid hydrogen at 1ts

normal boiling point, and in 50% s]ush hydrogen are presented in F1gure 1.

Data obtained during this investigation 1no1cated that approxi- o
' mate]y 17 we1ght percent methane is required to produce stable ]1qu1d hydrogen [

gels. Th1s corresponds to approx1mate1y a 5 6% degradat1on of performance as f;edﬁdﬁj
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IT, A, Theoretical Spec1f1c Impulse Performance of a Suspension of
Hydrocarbons in Liquid Hydrogen (cant.)

measured by the theoretical specific impulse. This loss can be reduced sig-
nificantly if the liquid hydrogen is replaced by slush hydrogen. Based on a
conservative approximation, 50% slush hydrogen can be gelled with 8.5 weight
percent methane, i.e., approximately 1.5 volume pércent methane. This concen-
tration, while greater than the hypothesized value of 5000 ppm, provides a
suitable beginning. According to the theoretical performance data plotted

in Figure 2, a loss in'specific impulse of 32 sec (3.65% loss) results from
the addition of 1.5 volume percent methane to the hydrogen under standard
engine operating conditions, i.e., at a chamber temperature of 4500°R. Note,
however, that operation of the engine at 4740°R (5.33% fncrease) compensates
for the presence of methane and no performance loss results. The sensitivity
of these three parameters, one-to-another, is indicated in Table I.

TABLE 1

(o ale af e B

.............. é EFFECT OF METHANE CONCENTRATION IN HYDROGEN AND
OPERATING TEMPERATURE ON SPECIFIC IMPULSE LOSSES

.Methane_ I__ Loss Tc Required Tc Increase Required
Incgqﬁigtgsslggen aip4500°R For Zero Isp'Loss Eor Zero Isp Loss
(vol%) (wt%) _(sec) ~(°R) | _(#

1.5 8.5 32 4740 . ; 5.33
1.0 6.0 24 4678 | ©3.96
0.5 2.5 14 4607 ' - 2.38

0.1 0.75 3 - 4524 " 0.53
The tabulation is presented as anAexamp]e OfehOW’the pakameters may be varied
to m1n1m1ze performance Tosses. The experimental results obtained during the |
program jndicate that s1gn1r1cant1y sma]]er quant1t1es of hydrocarboes other
than. methane can be used to produce stab]e 11qu1d hydrogen ge]s and un1form
| s]ush hydrogen SRR TR . |
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I, Theoretical Background {cont.)

B.  PARTICLE SIZE REQUIREMENTS FOR A STABLE SUSPENSION
IN LIQUID HYDROGEN

Theoretically, if one prepares solid particles of a sufficiently
small size, they will remain suspended uniformly in a liquid medium because
the kinetic energy which the particles poSsess is sufficient to overcome the
gravitational effect which causes the particles to settle. One can calculate
the terminal velocity or settling rate of spherical particles in a liquid
using Equation (1).

_Ar2(p-pl)g o
B = T8n . . (1)

where u = the settling rate, cm/sec
r = particle radius, cm

p = density of the particles
p! = density of liquid hydrogen at NBP = 0.071 g/cc
g

980.6 cm/sec?

T (Y Vet aYaVal

Y 0.: lu.lulu h.yu: cgen a
132.8 x 107 g/cm-sec

= gravitational constant =

- = UderArat
1oWwVUO

As examples, the settling rate for amorphous carbon and for solid methane with

densities of 2.0 and 0.52 g/cc, respectively, are presented in Table II as a -
function of the particle radius. "

TABLE II

SETTLING RATE OF CARBON AND METHANE PARTICLES
OF VARIOUS SIZES IN LIQUID HYDROGEN

Sett11nq Rate

Page 6 -

7.4.;x105

Particle Size, . Carbon . Methane .

- Radius in cm (cmi/sec) (7n/déy) (cn]*éc) ~{1ri/day)
1073 3.2 1.1 x 10° @74x101 2.5 x 10°
1074 3.2x10% 1.1x10° . 7.4x10°  2.5x 10
1070 32x100t 1ax0' o 74x10° 0 25 .
107° 3.2x10%  1axw0! o 7ax107 0 2.5x1072
1077 3.2x10% k0?0 ° asxw0t



II, B, Particle Size Requirements for a Stable Suspension in Liquid Hydrogen (cont.)

The significant item to be noted from the data in Table II are
that particles with a radius of 10"5 cm (0.1u) settle rather slowly even if .
the kinetic energy of the particles is neglected and that methane, because of ’

its lTow density, settles at a rate approximately & fold less than that for é
solid carbon particles. B

A calculation of the root-mean-square velocity of the particle is |
the starting point to obtain an approximate estimate of the particle size o

required to avert settling if one makes allowances for the kinetic energy of 23
the particle. The root-mean-square velocity of a particle can be calculated

from Equation (2).
v = OkT : (2)
4'npsr' :

v = root-mean-square velocity, cm/sec
k = Boltzman constant
= temperature, °K
Pg é‘density of the particle, g/cc
r = radius of the particle, cm .

where

N

e g o o m‘_ﬂ' et o ; ;_,;,

The root-mean-square velocities for carbon and methane particles at the normal

boiling point of liquid hydrogen are presented in Table III as a function of
the particle radius.

TABLE IT1

ROOT-MEAN-SQUARE VELOCITIES OF PARTICLES OF
CARBON AND METHANE IN LIQUID HYDROGEN

Root-Mean-Square VYelocities

Particle Size;, - Carbon - s .- Methane
Radius in em  (cm/sec) (in/day) .. _({cm/sec) _{in/day)

1073 1.0x 1073 34 -~ 2.0x10% 78
107" L 3.2x10% 11.x100  6.2x10% 2.1 x10°
1072 1.0 3.4 x 100 2.0 7.8 x 107
0% 3 1.1x10% 62 2 x 108
7 oxiod 7 3 7

10 3.4x10 - 2.0x10 7.8 x 10"

Page 7




II, B, Particle Size Requirements for a Stable Suspension in Liquid Hydrogen (cont.)

The significant items to be noted from the data in Table III are
that the root-mean-square velocities of methane particles are twice that of
carbon particles of comparable size and that particles with a radius of ]0'4
+ cm (1u) possess root-mean-square velocities that are equal to the settling
rate of carbon particles and greater than the settling rate of methane parti-
cles. For methane, the particle size at which the settling rate and root-
mean-square velocity are equal is calculated to be 1.8yu.

Because the root-mean-square velocities are omni-directional while
the settling rate is unidirectional, a significantly greater root-mean-square
velocity than settling rate is required to meintain a uniform suspension of
particles. However, on the basis of the preceding calculations, it is apparent
that, if the particles of methane or carbon can be prepared in the size range
between 0.1 and 1.0y and dispersed in liquid hydrogen, the particles should
remain suspended in a uniform manner. If agglomeration of the particles
occurs after dispersion, the particles will behave as if their size is much
larger and settling may occur. To overcome such behavior, gelation of the
suspension may be necessary to maintain the uniformity of the suspension.

One encouraging aspect of gelation is that the gelling capacity of the parti-
cles increases with decreasing particle size and, therefore, the preparation
of small particles is desirable regardless of whether or not gelation is
required. ‘

f 'Page’8,1




IIT. EXPERIMENTAL PROCEDURES AMD APPARATUS

A.  PREPARATION OF HYDROCARBON PARTICLES

1. Static Liquid Hydrogen System

A method for the preparation of micron-size particles of
solid chlorine trifluoride used to gel liquid nitrogen and liquid oxygen di-
fluoride was developed under Contract NAS 7-473 (Reference 1). The general
technique, with proper modification, can be used for preparation of small
pahtic]es of energetic oxidizers and fuels. In the current investigation,

the technique was used to prepare small hydrocarbon particles in liquid
hydrogen.

The basic method involves the dilution of the vapor of the - \
candidate particles with an inert carrier gas, followed by the injection of
the gaseous mixture through a suitably heated tube and orifice directly info
a cryogenic liquid so that condensation occurs immediately within the hu!kyof
the Tiquid. The direct dispersion of the particles in the liquid avoids con-
-densation of particles on the walls of the vessel and eliminates the necessity

of additional mixing normally reqUired to disperse particles in the liquid.

During the current investigation, various hydrocarbons were
diluted with hydrogen and heljum as the carrier gas and injected directly in
Tiquid hydrogen. A schematic of the heated injection tube is shown in Figure 3.
‘The size of the orifice, and the pressure drop across the orifice were varied
in an effort to vary the ultimate size of the part1c1es Thehresu]ts are.
d1scussed in Section IV. | R e R

The apparatus in which the hydrocarbon part1c1es were prepared

is shown in F1gure 4. The tube in the center of _the vacuum- Jacketed g]ass f]ask _ ;_,

1s the heated 1nJect10n tube, the tube in the r1ght hand swde of the f]ask was :
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III, A, Preparaticn of Hydrocarbon Particles (cont.)

used for withdrawing 1iquid samples for chemical analysis; and the tube on
the left hand side was used for mixing the resulting mixture with helium or
for sparging the products from the flask. A clear-glass Dewar is used exter-
nally to the particle preparation flask to minimize heat losses. The appara-
tus assembly, with the external Dewar, is shown in Figure 5.

- The experiments were conducted in a box fabricated with
Lucite panels to allow visual observation of the experiments. The box was
used to provide an inert atmosphere around the experimental apparatus so that
contamination by oxygen is prevented. A photograph of the box is shown in
Figure 6. The liquid hydrogen is supplied to the particle preparation flask
through a vacuum jacketed line which appears in the upper portion of the box.
The control valves for adding the various gases to the test apparatus were
mounted external to the box.

A more attractive method of preparing very small particles

of hydrocarbons in liquid hydrogen is direct injection.of a hydrocarbon/carrier
gas mixture into a flowing stream of 1iquid hydrogen. This approach should
avoid condensation of hydrocarbon on particles already present in the vicinity

of the injection orifice and the overall resuit should be the formation of
smaller hydrocarbon particles. An apparatus was designed, eonstructed, and
opzrated to determine whether this approach is feasible. Data generated dur-
ing the initial phase of the program was used for the design of the approach.

A d1vcuss1on of the design and operat1on of the apparatus
follows and the exper1menta1 resu]ts are presented in Sect1on IV ‘

P T




Fjgure 5.

BASIC APPARATUS FOR PREPARATION OF HYDROCARBON SUSPENSIONS
IN LIQUID HYDROGEN WITH EXTERNAL COOLING DEWAR

Page 13
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o   ut111zed to determine the rate of LH, boiloff (in grams of LH2 -evaporated/ |
7 - -gram of gelont), assum1ng total capture of the hydrocarbon These determ1na-

IIT, A, Preparation of Hydrocarbon Particles (conti.)

The process of forming the particles involves the rapid con-
densation of a hydrocarbon compound in LH2 and requires the exchange of energy
from the hydrogen/hydrocarbon gas mixture to the LH2 acting as a refrigerant.
The thermal cycle involved in the process of condensing the hydrocarbon gelant
and evaporating a portion of the LH2 provides the basic equation which is
required for the development of the system design..

The amount of LH2 vaporized in the gelation process is depen-
dent on the hydrocarbon compound used as the gelling agent, its concentration
in the hydrocarbon/hydrogen gas mixture and the température at injection. i
This LH2 bsiloff rate is an important factor in the design of the system and ?
the economics of the gelation process. :

The sizing of the various apparatus components, particularly
the flow metering and controlling devices, requires a knowledge of the gas
and Tiquid flow rates. Similarly, the design of the gas heater used to con-
trol the gas-mixture injection temperature requires a knowledge of the gas
flow rates. Thus, the f]ow rates and heating requirements were estab11shed
" on the basis of the prOJected experimental requ1rements

The physical character1st1cs of the flow system were then .

establ1shed in such a manner that the exper1ments would prOV1de the requ1s1te
data. )

“ ‘;3,‘
A t_;,_; .

‘a.  Boiloff Rate of LH,

The therma] cyc]e 1nvo]ved in the gelation process was

’tlons, shown graph1ca11y in F1gure 7 were performed for both cyc]opropane 4:,f,'

v pagels . o
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IIT, A, Preparation of Hydrocarbon Particles {(cont.)

and ethylene, at concentrations (in the injected gas mixture) in the range
10-50 mole % and at gas-injection temperatures in the range 25-100°C.

The figure shows that the LH2 boiloff is greater for
ethylene than for cyclopropane under equivalent conditions. Also, the figure
shows that as the concentration of hydrocarbon in the gas mixture increases
the LH2 boiloff rate decreases. This results from the fact that, as the
hydrocarbon concentration increases, less total gas mixture is required to
supply a given qqantity of hydrocarbon and less LH2 refrigerant is required.

TR T A

b. Gas and Liquid Flew Rates

It is apparent from a consideration of the process that
the flow rate of LH2 must be high enough to allow for LH2 boiloff as well as
for the formation of a suspension of hydrocarbon particles in LH2. Thus,
the flow rate of Lun will be dependent on the boiloff rate and on the desired
final concentrat1ons of hydrocarbons in the LH2 For purposes of apparatus
and experimental design, the concentration of -hydrocarbon in the gas stream
was established to be in the range 10-50 mole % and the maximum allowed con-
centration of hydrocarbon in the LH2 product was established to be 0.5 mole%

- (9.5 wt% cyclopropane or 6.5 wt% ethylene).

These criteria were used to determine the re]ationship
m of gas mixture flow rate and LH2 flow rate at a gas injection temperature of
2 25°C. The flow rates of gas mixtures (of cyclopropane concentration 10-50

L ‘mole%) and the corresponding LH2 flow rates are presented in Table 1V. ‘Also
% - included are the anticipated flow rates of hydrocarbon/LH prodULts. The
% o ranges of the respective gas mixture and LH2 flow. rates are such that the

F experiments could be performed on a sca1e cons1stent w1th the 512e of the
£ ‘lfequ1pment ava11ab1e B i ’ S | ‘
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III, A, Preparation of Hydrocarbon Particles (cont.)
TABLE IV

GAS MIXTURE AND LIQUID HYDROGEN FLOW RATES

Gas Mixture Cyclopropane LHZ Hydrocarbon/LH2 Fuel
Flow Rate Concentration Flow Rate Production Rate¥*
~(cc/min) (mole %) (g/sec) (g/sec)
10 ' 0.43 0.27
20 0.76 0.55
10,000 30 1.08 0.82°
40 1.41 1.10
50 1.73 1.37
10 0.09 0.06
20 0.15 0.11
2,000 30 0.22 0.16
40 0.28 0.22
50 0.34 0.27
*Production rate, based on 100% cyclopropane capture efficiency and
final gelant concentration of 0.5 mole%.

The tabulated data indicate the relationship of the LH2
flow rate and the gas flow rate requ1red to produce LH2 containing 0.5 mole%

~ cyclopropane. If the LH2 flow rate is increased to a value in excess of that

shown in the table for a given gas mixture flow rate and concentration, then
the LH2 produced will contain less than 0.5 mole% cyc]opropane Also, if the

cyclopropane capture efficiency is ]ess than-100%, due to particle entra1nment
in the gaseous effluent, then the gelled LH2 will contain less than 0.5 mo]e%‘

cyclopropane. Thus, the table prOV1des the requ1s1te gu1de11nes for. the
selection of appropr1ate exper1menta1 cond1t10ns of gas m1xture and LH2

" ;f]ows
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IIT, A, Preparation of Hydrocarbon Particles {cont.)

c. Flow Measurement and Control

The gas mixture flow rates, as noted above, were estab-
lished to be in the range 2,000-10,000 cc/min. Flow rates of this order of
magnitude are readily controlled by means of a micrometer needle valve. 'F]ow
measurement is achieved conveniently by means of small diameter rotometers
calibrated for hydrogen/hydrocarbon mixtures.

Control of the flow rate of LHziis also accomplished
by means of a micrometer needle valve. The metal components of the valve
and the gas/liquid mixer act as large heat reservoirs and require a period
of LH2 flow to dissipate the heat and achieve thermal equilibrium. There-
fore, the flow of LH, through the needle valve at various positions is best

- calibrated after assembly of the entire system.

d. Gas Mixture Heater and Mixer Design

Experience with the formation of small particles in
cryogenic fuels has shown that the condensable material (gelant) tends to
collect on the inside surfaces of the gas injection tube unless the gas mix-
ture is heated. Rapid heat exchange from the metal injection tube to the
cryogenic fluid is responsible for this effect. Therefore, it was considered

| desirab]e to incorporate a gas mixture heater just upstream of the injection

 orifice. A bayonet heater, employing a nichrome resistance heating elemnnt‘
mounted in an a]um1na sleeve, was inserted in the gas mixture .inlet tube..

- The heater was constructed and installed so. that the end of the heater was
about 1/8~ 1n from the 1n3ect1on or1flce e o

~ Page 19




IIT1, A, Preparation of Hydrocarbon Particlies (cont.)

The mixer consisted of a standard 3/8-in. stainless
steel tubing tee fitted with a gas injection orifice and an LH2 injettion‘
port. These ports were situated so as to form a 90-degree impingement angle
at an impingement point about 1/8-in. from the face of the gas injector ori-
fice plate. The purpose of this arrangement was to accomplish the mixing of
the two streams as rapidly and thoroughly as possible with minimum contact of
the LH2 with the gas injector orifice. The gas injector orifice initially
installed was 0.010 in. in diameter; this size was selected so that the gas
through the orifice would be at or near sonic velocity. The tube section at
and downstream of the mixing zone was of considerably larger diameter than
the pre-mixing-zone passages to accomodate the large volumes of gaseous hydro-
gen produced in the mixing process. A sketch of the mixirg chamber and injec-
tion ports is shown in Figure 8. A photograph of the fabricated assembly is
shown in Figure 9. An external Dewar was placed around the apparatus during
operaticn. The product fuel was directed toward the bottom of the flask to
prevent the accumulation of hydrocarbon particles on the wal

The experimental results are discussed in Section IV

"'h
Ul
7'.‘

B. CHEMICAL ANALYSiS OF THE PRODUCT FUEL

After the hydrocarbon particles had been prepared, samp]ea of the
Tiquid hydrogen fuel were withdrawn by applying a vacuum to the samp11ng tube
which was immersed to a fixed level in the fuel preparation flask (see Fig-
ure 3). Upon withdrawal, the liquid vaporized into an evacuated stainless 7
steel cylinder which served as the samp]e co]]ector The gases in the sample
collector were ana]yzed by gas chromatography for hydrogen he11um and hydro-
'carbons ) B '
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III, B, Chemical Analysis of the Product Fuel {cont.)

Initially. a Fisher Gas Partitioner was used to determine the
methane concentration in liquid hydrogen. The partitioner had a threshold
sensitivity 1imit of 2000 ppm methane in hydrogen using the thermal conduc-
tivity cellas as the detector elements. Because it soon became apparent that
a more sensitive method was required to measure the hydrocarbon content in the
1iquid hydrogen, a Perkin-Elmer Vapor Fractometer, Model 154D with a flame
ionization detector which was capable of detecting hydrocarbon concentration
down to less than one volume part-per-mi11ion level was used for the analyses.
Subsequently, this instrument was used throughout the program and the majority
of the chemical analyses were obtained using this instrument.

In practice, liquid samples were periodically withdrawn during an
experiment and stored in the sample collector for a period of a few hours
before analysis. The storage period before analysis allowed sufficient time
for thorough mixing of the sample which may have undergone some fractionation
initially. In order to establish the reljahility of the sampling procedure,
two sampling tubes were used in some of the experiments to obtain consecutive
samples. The results of the chemical analysis are incorporated in the dis-

cussion in Section IV.
C. PRODUCT CHARACTERIZATION

The product fuels prepared in this ﬁnVestigation were of two
distinct types: (1) liquid hydrogen gels, and (2) suspensions of colloidal-
-size hydrocarbon particles in Tiquid hydrogen. The characterization of the
Tiquid hydrogen gels 1nvo]ved chemical ana]ys1s at d@ function of time, mea-
“surement of the y1e1d stress of the gel, and measurement of the viscosity of
the gels. The character1zat10n of the colloidal suspension of hydrocarbons
involved only the chem1ca1 ana]ysns of the product as a function of t1me |
because there- is no apparent chang in the v1scos1ty of the product The
‘d1scuss1on in this sect1on 1s devoted to the measurement of the y1e1d stress _,'
and v1sc051ty ‘ ' ' '
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IIT, C, Product Characterization (cont.)

x 1. Yield Stress

Yield stress is a measure of the force required per unit
area to strain a material beyond its elastic 1imit and, therefore, it is
used as a relative indication of the degree of structure that a gel possesses.
The method of measurement used in this investigation is basically a modifica-
tion of the normal penetrometer method.

A series of glass spheres of constant dia were fabricated
and weighted with varying amounts of mercury. The spheres are gradually
lowered onto the surface of the gel so that the initial shear stresses on
the gel were minimal. From observation of the depth to which the sphere
sinks into the gel and the known weight of the sphere, the yield stress value
for the gel can be calculated. The spheres used in the current investigation

provided a range of available values from 135 dynes/cm2 to greater than
3,000 dynes/cmza The data obtained from the measurements are presented in

HE R 4.4

the discussion of the experimental results.

2. Viscosity

The flow properties of gelled propellants are defined by the
viscosity values. Two principal methods for the determination of the viscosity
values of gelled cryogenic propellants have been used, rotational and flow
methods. The first reproducible values for the viscosity of gelled cryogenic
prope]]ants were obtained with rotational v1scometers | Techn1dyﬂe measured
the viscosity of liquid Hydrogen ge]]ed W1th -a part1cu1ate ge111ng aoent using-
" ‘a Rotoviscometer (Reference 2). Earlier, Aerojet measured the v1sco$1ty of
liquid oxygen gels at various shear rates with a Brookfield viscometer with'
~excellent reproducibility (Reference 3). The pr1nc1pa1 d1ff1cu1ty encoun-

' ered with the rotat1ona1 v1scometer data 1s that the va]ues are re]at1ve

-
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IIT, C, Product Characterization {cont.)

and, therefore, cannot be used to predict accurate pressure drop values in

the hardware system in which the propellants are to be used. An improved

flow viscometer was successfully used by Aerojet to measure the flow proper-
ties of gelled OF, (Reference 1). Because the flow-type viscometer is much
more likely to provide useful data for the engineering design of hardware

than the rotating-type viscometer, the flow-type viscometer was used to obtain
viscosity data for the hydrocarbon/hydrogen fuels.

The first viscometer is basically a 3/8-in. copper tube coiled
to fit inside the Pyrex gelling vessel. The dia of the coil is approximately .
4 in. and the total length of tubing, including the straight inlet and outlet
portions, is 70.7 in. The coil is immersed in the gelled 1iquid at the begin-
ning of the flow measurement. The inlet section is in the form of an inverted-
J with the entrance near the bottom of the Pyrex vessel. This positioning of
the entrance allows utilization of a major portion of the gel for the measure-
ment and is intended to minimize coring. A small vertical tube is ingtalled
approximately 1 in. above the entrance to permit injection of helium into the
copper tubing. The helium is cooled by passing through the 1/8-in. tubing
coil above the copper coil which is also immersed in the gel. The injection
of helium prevents the liquid from flowing through the tubing and eliminates
the need for a valve in the flow system.

The inverted-J section of tubing is followed by the coiled

~ section and the coiled section is followed by the straight outlet section.

The outlet section extends ‘through the'bottom of“the.Pyrex vessel by means -
of a ball- socket Jo1nt (glass/stainless steel) The - assemb]ed apparatUS'is

';‘shown in Figure 10. The ex1t of the ‘tubing is.immersed in a bath of Tiquid <
hydrogeh After passage through the copper tub1ng, the gel is discharged. 1nto ['ﬂ‘f
. the 11qe1d hydrogen bath. The eff]uent will ra1se the level of the: 11qu1d ij |
hydrogen bath 1mmed1ate1y external te the Pyrex ge111ng vesse], and the volume,!ff;f

of the effluent is determined quant1tat1ve1y by measur1ng th1s change in Ievel;'”"?

//\\ {,_@_\ .
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II1I, C, Product Characterization (cont.)

The measurement of the flow properties of the gel is accom-
plished in the following manner. During preparation of the gel, helium, at
liquid hydrogen temperature, is injected through the small tube into the
copper tubing to prevent gel from entering the coil. After the gel is pre-
pared, the helium flow is stopped, and the Pyrex gelling bessel is pressur-
ized to a preselected value and flow through the tubing begins. The volume
of gel flowing thfough the tubing is detected by means of fiducial marks and
is recorded as a function of time. Flow can be stopped at will anytime by
injecting helium into the copper tubing.

Two parameters are measured during the flow experiment, the
pressure drop across the copper tubing and the flowrate. These two parameters
are plotted in the form of %%E-vérsus gyu where D is the dia of the tubing,

L is the effective length of the tubing, AP is the pressure drop across the
tubing, and V is the flow velocity. Because the tubing is coiled rather than

straight, the equivalent length of the tubing was calculated using conventional
relationships (Reference 4).

The second viscometer was constructed.similar to the first
except that 1/4-in. copper tubing was coiled in three layers. The dia of
the coil averaged 3 in. and the total length of tubing was approximately 40
ft. An equivalent length of the coil was calculated on .the basis of Refer-

ence 4 and found to. be 43.4 ft. The assembled apparatus js shown in Figure 11.

The experimental results of the measurements are presented in Section.IV.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

The ultimate objective of this research program was to prepare
stable, uniform suspensions of ultrafine hydrocarbon particles in liquid
hydrogen. Phase I of the program was devoted to identifying the more
suitable hydrocarbon candidates for use in the preparation of colloidal
hydrocarbon suspensicns and for use in the preparation of liquid hydrogen
gels. The results from Phase I were summarized in a Technical Report
(Reference 11). Phase II of the program was devoted to (1) optimizing the
conditions for preparing ethane particles for use as gelants for liquid
hydfogen, (2) improving the procedure for preparing colloidal size particles
of cyclopropane for use as a suspension of hydrocarbon in liquid hydrogen,
(3) characterizing gelled liquid hydrogen, and (4) determining the sta-
bility of liquid hydrogen gelled with ethane and suspensions of cyclo-
pronane in 1iquid hydrogen. Because the data from Phase I provides a
basis for the work conducted in Phase II, typical results from Phase I are
included in the following discussion in order to provide a comprehensive
compilation of the data. The discussion of the resuits is organized under
two headings: (1) Suspensions of Hydrocarbon Particles in Liquid Hydrogen,

(2) Gelation of Liquid Hydrogen, and (3) Implications of the Experimental
Results. '
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IV, Experimental Results and Discussion (cont.)
A.  SUSPENSIONS OF HYDROCARBON PARTICLES IN LIQUID HYDROGEN

The investigation was initiated with methane as the candidate
hydrocarbon and the varibus parameters affecting the particle size were
initially evaluated using methane. The subsequent experiments were con-
ducted with alternative hydrocarbons. The particles during Phase I of the
program were prepared in the static liquid hydrogen system described in
Section III, A, 1, the Phase II investigation was conducted using both a
static liquid hydrogen system and a flowing liquid hydrogen system des-
cribed in Section III, A, 2. Because of this the discussion is organized
under three headings: (1) Preparation of Methane Suspensions in Liquid
Hydrogen, (2) Preparation of Alternative Hydrocarbon Suspensions in Liquid
Hydrogen, and (3) Preparation of Cyclopropane Suspensions in a Flowing Liquid
Hydrogen System.

1. Preparation of Methane Suspensions in Liguid Hydrogen

)
Because the ultimate obiéctive of the program is to pre-
pare a dilute, uniform suspension of a hydrocarbon in liquid hydrogen, the
initial effort was directed towards forming the smallest methane particles
possible using the condensation method described in Section III, A, 1.
If sufficiently small particles can be produced and if they do not agglo-
merate, the kinetic energy of the particles themselves will maintain an
adequately uniform dispersion. | |

Page 30 -



IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrcgen {cont.)

Based on the hypothesis that the condensable contents of each
bubble of gas formed during’the injection of gas into liquid hydrogen leads
to the formation of an individual solid particle, there are two approaches
available for preparing small particles of methane. The first approach is to
maintain a high dilution ratio of carrier gas to methane; the second approach
is to inject the gaseous mixture througn very small orifices. The dilution
approach nas practical limitations. The particle size reduction that occurs
by this procedure is proportional to the cubic root of the concentration of
the hydrocarbon, i.e., an eight-fold reduction in the concentration of methane
in the carrier gas reduces the radius of the methane particle by one-half.
One soon reaches the point of diminishing returns in such an approach, but
some reduction in particle size is theoretically possible.~

The second approach to producing small particles of methane
is to reduce the size of the injection orifice. The size of a gas bubble pro-
duced by injection of gas into a liguid is dependent, within Timits, on the
size of the injection orifice (Reference 5). If the liquid wets the tube
material, the bubble will form from the inner wall of the tube and the minimum
bubbie size produced in the configuration used will be the same radius as that
of the inner tube surface. If the liquid does not wet the tube material, the
bubble will form from the outer wall of the tube and the minimum bubble radius
will be governed by the outer radius of the tube. One can estimate the approxi- .
mate minimum size of a gas bubb1e that is stable in 11qu1d hydrogen by the
following calculation, us1ng the pressure inside the bubble as the criterion
for stab1l1ty ‘

: The pressure inside a gas bubble surrounded by a quu1d ned1um»;
1s expressed by Equat1on (3), as discussed in Reference 6. ' ” '

‘ P_?ihgp;4rzya/r?:¥f;,“;l.fd_i;if;:”suiffeaffg;i(g)efi‘Lf*jj”;f
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

: where h = height {cm) of the liquid column above the bubble
gh g = 980.6 cm sec™?

s o = density in g/em™

2 a = surface tension in dynes/cm“l

;- r = radius (cm) of the bubble

;; P = pressure in dynes/cm 2

The first term on the righthand side of Equation (3) is the
pressure due to the hydrostatic head; the second term is due to the excess
pressure required on the concave side ot a surface to maintain stability.

For liquid hydrogen, the density at 20.4°K is 0.0710 and the surface tension
at 20.4°K is 2.25 dynes/cm (Reference 7). Based on these values, one can cal-
culate the pressure inside gas bubbles of various radii in liquid hydrogen.
The calculated data are presented in Table V.

!
IJJ

i

i TABLE V

4 VARIATION OF PRESSURE INSIDE GAS BUBBLES IN

- LIQUID HYDROGEN AS A FUNCTION OF BUBBLE SIZE

‘? Pressure Inside Bubble

. : | Required To Maintain Total Pressure in a

% Bubble Size | Concave Radius 1 Atm Environment

gﬁ (radius in cm) ~(dynes/cm2) (psia)

5 1x 107/ 4.5 x 107 666.7

{: 1x 107 o oasx0® 79.7

3 1x 107° Casx0° 0 L 212

3 1x 107 4.5 x 10% 153
1x107 4.5 x 10°. CoeTr
1xw0? a5 x0f AT
caxw! o asxwo o w7
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

From the data one can deduce that (1) the bubbles with a
minimum radius of 10 to 100p (n = 10"4 cm) will be stable in liquid hydrogen
because the pressure required to maintain the concave radius is negligible
and (2) it is unlikely that gas bubbles with a radius of 1p or less will
exist because of the appreciable pressure required to maintain the concave
radius. The significant item to be noted from the preceding data is that,
because of the pressure required, there is no theoretical advantage in attempt-
ing. to prepare gas bubbles less than approximately 10u in radius.

After establishing that gas bubbles in liquid hydrogen are
most Tikely to have a minimum radius somewhere between 10 and 100, one can
calculate the final size of a solid particle that is produced by the collapse
of one bubble. For the sake of calculation, let us assume that

bubble radius = 25,

gas composition = 5 volume percent methane in helium,

temperature of the injected gas = 145°K, and

density of methane at 20°K = 0.52 g/ec,
then one gas bubble will contain 4.4 x 10-2 g of methane. This will produce
a solid particle with a radius of 1.26u. For comparison purposes, a similar
calculation with a bubble radius of 700u (which would be produced by the injec-
tion tube shown in Figure 3) shows that the radius of the solid particle is
35.5u. This 28-fold reduction in radius of the particles is apparently attain-
ahle by reducing the dia of the injoction tube orifice from 0.140 cm to 0.005
cm. A metal porous plug was -used as the outlet of - the 1n3ect1on tube to ma1n-
ta1n the f]ow rate at a practical level.

Based on the foregoing calculations, the preparation of methana
particles in liquid hydrogen was initiated passing methane-hydrogen and methane-
‘helium mixtures through an 1n3ect1on tube fitted with porous metal frits wh1ch

v“conta1ned,10u d1avor1f1ces Four concentrat1on 1evels of methane in hydrogen




IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

and one concentration level of methane in helium were -used as sources of

methane for the formation of pertic1es. The injection velocities were not
varied appreciably because of the manner in which the injection tube functioned.
The nominal quantity of liquid hydrogen used in the experiments was 600 ml.

The first set of experiments was conducted with 7.63 mole%
methane in hydrogen being injected into liquid hydrogen through the metal
frit. The pressure drop across the injector was a nominal 50 psi. Initially,
the electrical power supplied to the injector-tube heater was inadequate and
methane froze in the frit, terminating the experiment. However, with increased
electrical power, the tube was operated for five min and the liquid hydrogen
became opaque due to the presence of fine particles. The particles agglomer-
“ated within fifteen min and settied to the bottom of the flask with a large,
fluffy appearance. Several additional experiments were conducted in which
the methane concentration was determined by analysis of the slurry. The
data are presented in Table VI,

None of the experiments produced an apparent stable collidal
suspension of methane in liquid hydrogen. The particles that are initially
produced give the appearance of a colloid but after a beriod of approximately
15 min, the solid material settles as large flocculent particles. The samples
of the resulting liquids were obtained by agitating the solution with a helium
sparge. The lower limit of detection of methane in the analytical procedure
used in these experiments is approximately 2000 ppm.

Two of the exper1ments, Numbers 5 and 6, were conducted with
~ helium as the carrier gas rather than hydrogen. The 11qu1d‘hydrogen remained
transparent dur1ng the experiments and methane was evidently swept out with
~the helium. On this basis, and because hydrogen is already present in the
final system, the use of hydrigen appeared to be the preferable carrxer gas
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

TABLE VI

DATA OBTAINED FROM THE INJECTION NF DILUTE METHANE
THROUGH A 10n FRIT INTO LIQULD HYDROGEN

Pressure
Drop ) CH
Time Gas Across 4
Exp. Interval Flow Rate Orifice Analysis
No. mole % min 1/min psig ppm

1 2.81 3 0.9 4]
12 47
15 47 <2600

2 2.81 5 52. :

53 -
58 '
58.5 <2000

63
65
67
68 , trace CH4’

72
73
72
73 trace,CH4

a4
44
43
s,
51.

CH4 Conc.

(82

3 1.53 5

5  0.92 2
(in helium) 4

n
o
COCOO OOt OO =t ooo‘o;\pp
Zn\uo\uo CTLOWMNY CITINDS NS00 W £ OT

oron
R

no visible solid particles,
~ CHy analysis showed none
present.

6 0.92

,v | 54
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

Unfortunately, the pressure drop across the orifice required to maintain a
steady flow of gas into the liquid hydrogen also caused the expected small
bubble pattern exiting from the frit to degrade into a large gas bubbie at
the tip of the tube. Experiment 7, which produced a small pattern of bubbles
at a pressure drop of nominally 20 psi, could be continued for only 3 min
before clogging occurred. The other experiments were conducted with the
higher pressure drop values across the orifice; because the large bubble

- formed at the tip, there was no advantage to conducting the experimants with
signifiantly higher values than the nominal 50 psi range.

Of further interest is the fact that, in Experiment 9, the
methane particles were allowed to settle until they occupied a constant volume.
In the first 30 min, the particles settled from a 500 ml volume to a 200 ml
volume. After 60 min, the volume occupied by the particies was reduced to
100 m1. During the next 3 hr, the volume remained constant. The inference
of the data is that a initial gel structure may occur with 12.8 weight percent
methane using the 10y orifice. This is a significantly lower concentration
level of methane than had been preported previously as required for gelation
of liquid hydrogen. '

The next series of experiments was conducted using a single
0.025 in. orifice for the injection port rather than the 10y metal frit.
Based on the experience of the previous set of experiments, hydrogen was used
as the carrier gas. The results are presented in Table VII. The majority of
" the experiments were ferminated because the methane froze in the injection
orifice; a problem which;can be overpome.byfiﬁCreasing:the'heat-input_into
‘the gas stream. Nevé%{hé1ess, the results obtained from thejexperjmenfs are
adequate to.estab]ish trands. ' R e e L
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TABLE VII

DATA OBTAINED FROM THE INJECTION OF DILUTE METHANE
INTO LIQUID HYDROGEN USING A 0.025 IN. ORIFICE

Pressure
Drop
Time Gas Flow Across . ' .
Exp. CH4 Conc. Interval Rate Orifice Final CH4 Analysis
No. mole % min 1/min psi and Remarks
<IN T1.46 3 0.28 45.5
- | 5 0.23 49.0
6* 0.01 49.0 Trace‘CH4
2N 1.46 2 0.47 72.0
| 5 0.12 73.0
8 0.06 74.0
10* 0.01 79.0 Trace CH4
3N 5.31 2 0.94 50.6
4 0.28 53.1
4.5 0.28 m———
4.75% - 57.0 <2000 ppm CH4
4N 5.31 1 0.42 '75.3
. 3 0.09 75.5
5 0.03 76.0
6.5% 0 76.3 <2000 ppm CH4
5N~ 5.3 R 0.94 89.9 <2000 ppm CHg, large floc-
-2 0.47 88.8 culent precipitate of CHy
4 - 0.16 88.8 settled out during the
6 - 0.08 90.6 experiment.
10 0.05 83.6
16 0.05 79.4
6N  15.06 1 0.792 87.5 11,000 ppm CHg in 580 cc of
| 2 0.13 89.1 LHg, flocculent particles
3 - 0.68 89.1 settled to occupy a volume
4 0 89.5 of 130 ml.
N 15.06 1 0.34 58.5 33,600 ppm CHp in 450 cc of
| o 8 - 0.34 58.1  LHp, flocculent particles: . .
10 7 0.34  58.1 settled to fill a volume R
| 15 - 0.34 - 88.0 of 300 ml. B
8N 15.06 PR - 0.71 .‘31L1 Injector clogged w1th1n a-
R f” | | ey \mlnute T S s
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IV, A, Suspensions of Hydrocarben Particles in Liquid Hydrogen (cont.)

The use of the 0.025 in. dia orifice failed to produce a
;. stable colloidal so]uL1on of methane in liquid H2 Within one min after injec-
g tion, the solid methane agq1om°rated and settled as large flocculent particles.
The flocculent particles appeared similar regardless of the dilution ratio
used in the gas mixture or the rate at which the gas stream was injected.
The significant result from use of this injection tube is that it appears that
the initiation of gel structure in liquid hydrogen can occur with approximately
5 weight percent methane as the gelant. This value is inferred from the re-
sults of Experiments 6 and 7 concerning the volume of the settled particles.
The value of 5 weight percent should be compared to the valus of 12.8 weignt
percent obtained with the use of the 10y orifice injection tube. '

In addition to the experiments with the 0.025 in. orifice
injection tube, three experiments were conducted with an injection tube which
had a frit with 10u orifices which faced upward in the liquid hydrogen rather
than downward as the original tube with the 10y orifices. The new tube was

~used to avoid the accumulation of a large gas bubble at the surface of the
metal frit as reported in the initial experiments. The résu]ts of the experi-
ments are presented in Table VIII. '

TABLE VIII
DATA OBTAINED FROM THE INJECTION OF DILUTE METHANE
| INTO LIQUID HYDROGEN USING 10y ORIFICES FACING UPWARD
;‘ 1 CHg anc Time Gas Flow  Pressure Drop
&3 ~Exp. 1n~ 2 Interval Rate Across Orifice _
= No. mole 4  _min 1/min psi : Remarks
o 9N 9.2 -3 - l.e¢ - - 76,0~
i ! o 6 - 1.26 - 75.8" *,,ylarge particles sett]ea
- 9 . 1.26 . 75.1 ~after two minutes.
o 12 1.00 745 |
- 1N 9.2 2 - 06.75  60.4 . -large particles formed
o 3 080 - 60.4 by agglomeration and
6 - 0.50 - 60.00 " settled. T
9 0.23 606 - o B
T - B i 9 60.6 *Inj°CtOP’C10”Qéd.-
1IN 9.2 1 1.3 60.2  Colloidal appearance

| s .,:;.d1sappeared after 40
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

In Experiment 9N, the solution appeared opaque because of
the dispersion of very small particles. After approximately two min of opera-
tion, the particles agglomerated to form larger particles that rapidly settled.

The particles were not as flocculent as those produced using the single 0.025
in. (635y) dia orifice.

In Experiment 10N, the particles ‘within the first two min of
operation were small and made the solution Opaque. These particles agglomerated
into a more flocculent precipitate than described for Experiment 9N. The
particles lost some of the original flocculent character as they settled.

In Experiment 1IN, an opaque solution formed immediately, but
after 40 sec of operation small nuclei were observed on the walls of the flask.
The flow of gas mixture was stopped at the end of one min and the solution
became clear after approximately 40 sec. The small particles agglomerated to
form a fluffy precipitate. In summation, the colloidal solutions of methane
particles produced using the upward facing 10u frit exhibfted less stability

~than those produced with the original injection tube which had the downward
fac1ng frit.

The preceding experimental data demonstrated that a uniform
suspension of methane particles at a concentration level of 5000 ppm would
have a transitory existence in liquid hydrogen. W1th1n a period of minutes,

“the majority of the particles agglomerate and settle out of the suspension.
The particle preparation method appeared to form a wide range of s1zes and it
was possible that some part1c1es were so sma11 (<1u) that they were not
detectable by v1sua1,observat1on_ The next semec of experiments With methane

‘was conducted to determine the concentration level of methane particles that
= would persist for several min in 11qu1d hydrogen._ 1In order to do this, a o

d1ffenent ana]yt:ca] procedure,wasuused The detect1on un1t for the gas

B ;‘y)
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IV, A, Suspensions of Hydrocarbon Pafti]ces in Liguid Hydrogen (cont.)
chromatography methcod was changed from a thermal conductivity cell system to
a flame ionization detector (the details are presented in Section III, B) and

the limit of detection changad from 2000 ppm to 20 ppm by weight methane in
hydrogen. o

The particles were prepared as in the earlier experiments and

- the agglomerated particles were allowed to settle to the bottom of the flask.
At selected times, a small liquid sample, approximately 1 ml, was withdrawn
throughithe sampling tube as shown in Figure 4 and analyzed for methane cops&-ﬁ
‘tent. The point of sampling in the Tiquid was approximately two in. above
the settled particles to ayeid entrainment of the solids during the withdrawal
of the sample. The results of the experiments are presented in Table IX.
During the experiments, the 1iquid. hydrogen slowly evaporated from the fuel
preparation flask because the outer Dewar contained liquid nitrogen as the
cooling bath. The total volume of the liquid hydrogen in the fuel preparation

lask at the time of sample is presented in the table along with the time at

which the sample was withdrawn.

TABLE IX

DATA OBTAINED FRGM THE EVALUATIOM OF METHANE
PARTICLE SUSPENSIONS IN LIQUID HYDROGEN -

Average aP Methane Total Volume  Elapsed
Exp. Injection Across Orifice Concentration At Sampling Time Time
No. Orifice Size nsi ___bpm_ ml - o min
19 - 0.0254n. -:  47.3 7 503 a4 750 0 &
o . e 40 20
o | R 128 - 400 30
30 104 . 58 .38 - 16 5
| o L . 4 550 -2
123 10 '»_;)12.5“" . 860 - . 600 " > 10
' L ~ S 344 - 426 7 63’ =
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

The trend to be noted from the data in Table IX is that
the methane concentration in the liquid hydrogen continues to decrease with
elapsing time. The data in Experiment 3J indicate a slight increase in con-
centration, but the total actual number of particles present has not increased
if one takes the decrease in volume of the 1iquid hydrogen into account. The
data from the other experiments which were conducted for longer time periods
all indicate a significant decrease in the methane concentration. Agglomera-
tion of the methane particles continued for at least one hr after preparation
of the particles. The significance o7 the data is that the methane suspen-
sions which can be prepared in liquid hydrogen should be used immediately
after preparation. The storage of the colloidal-size particles of methane
in liquid hydrogen as stable suspensions is not possible.

2. Preparation of Alternative Hydrocarbon Suspensions
in Liquid Hydrogen '

Trimethylamine and several hydrocarbons were evaluated as
potential alternatives to methane in the preparation of carbon-containing
~ suspensions in liquid hydrogen. The results are discussed under two headings:
(1) Trimethylamine, and (2) Alternative Hydrocarbons.

a. Trimethylamine

| Previous experimental work in_Tiquid N2 indicated that
trimethylamine particles did not agglomerate to form flocculent particles but
remained in a.very finely divided state for prolonged periods (Reference 8)..
~ Because of thfs behavior, trimethylamine appeared to be an excellent candidate

~ for the prepzration of a €olloidal suspension of a tgrbon-gontaining'Compouﬁq,
in 1iquid H,. | S . o o |
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.) o

Three experiments were conducted with the injection
tube with the 0.025 in. orifice, the results are presented in Table X. .
Hydrogen was used as the diluent gas for the trimethylamine. T

I RIYRRL L T R

TABLE X -

DATA OBTAINED FROM THE INJECTION OF DILUTE TRIMETHYLAMINE
INTO LIQUID HYDROGEN USING A 0.025 IN. ORIFICE

Pressure

Drop

(CH3)3N Time Gas Flow Across
Exp. Conc. Interval Rate Orifice .
No. mole % min 1/min psi Remarks L
1TN 7.0 2 0.31 54.1 Granular particles formed ;

‘ 5 0.3 54.1 and quickly settled, -not

8 0.31 54.3 floccuient like the CHy _
12 0.31 54.6 particles. i
15 0.31 54.7 .
2TN 7.0 1 0.0 54.6 Small granular particles &
2 0.20 B5.0 formed along with a trace o
4 0.20 55.5 of colloidal size particles. -
¥

The data in Experiment 1TN failed to confirm the anti-
cipated result that trimethylamine would be better than methane for the forma-
tion of suitable colloidal particles. In Experiment 2TN, the addition of the
dilute methylamine stream was stopped so that the behavior-of the particles
in suspension could be cobserved. The bulk of the solid particles were small,
dense, and settled rapidly. The supernatant liquid contained some very small
particles that slowly settled as thesy agglomerated. The very small partlcles
disappeared within 3 min-after termfnating‘the;eXper1ment, Exper1ment ZTN was
then repeated; the results were identical.« :

Four additional experlmonts were conducted using the T 
,metal fr1t W1th the 10u or1f1ces uh1ch faced upward 1n the 11qu1d H2
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

Experiment 4TN utilized a gas mixture of 6.1 mole percent trimethylamine in
hydrogen and a pressure drop of 74 psi was used across the orifice; this re-
sulted in a gas flow rate of 0.66 1/min. The orifjces clogged after two min
operation; 0.151 mole of trimethylamine had been added to the liquid H2.

Very little solid material remained in the flask. Experiment 5TN was conducted
in a similar manner except that the pressure drop across the orifice was re-
duced to 59.4 psi. The orifice clogged after 45 sec operation, the final
solution appeared similar to that of the previous experiment.

Experiments 6TN and 7TN were conducted with a mixture
of 6.4 -mole percent trimethylamine in helium. The experimental conditions
were the same as those in Experiment 4TN and the orifices clogged after 45 sec
operation with only traces of solid material appearing in the liquid H2. The
low vapor pressure of trimethylamine compared to that of methane led to pre-
mature termination of the experiments. However, the material that was injected
did agglomerate to form dense particles. '

On the basis of the foregoing experiments, it is appar-
ent that trimethylamine will agglomerate in liquid H2 and this negates the
possibility of producing a stable colloidal suspension. The characteristics
of solid trimethylamine are not conducive to the formation of h"quid'H2 gels |
with low concentrations of the hydrocarbon.

b. Alternative Hydrocarbons

‘ § The hydrocarbons which were evaluated as potent1a1 can- <
d1dates for suspens1on in 11qu1d hydrogen were: ethylene, ethane, propylene, {f‘,
cyclopropane, isobutane, and butene-1. 1In the initial series of experiments, -
the part1c]es vere prepared by injecting a. 10 volume percent hydrocarbon/go LA
volume percent hydrogen gas m1xture through a 0. 025 in. d1a or1f1ce lnto 1iqu1d;ji_‘
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‘iy3§lv A, Suspensions of Hydrocarben Particles in Liquid Hydrogen (cent.)

hydrogen for 1 min. The particles were allowed to seitie to the bottom of
the flask and liquid sampies were withdrawn periodically at a point 2 in.
above the settled particles. The liquid hydrogen evaporated slowly during

the experiments and the total volume of liquid remaining at the time of sampl-
ing was noted. Typical data obtained from these expeiriments are presented in
Table X.
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The data in Table XI show that some cyclopropane particles
remain suspended for at least 46 min. There is a notable degree of agglomera-
tion of the cyclopropane particles during the first minutes during and ‘immedi-
ately following preparation. In Experiment 9D, the cycloprepane concentration
is still in the 5000 ppm range after seven min. However, it should also be
noted that the solution was rapidly evaporating, 250 ml1 lost during 5 min, and
the turbulence in the liquid undoubtedly contributed to the high concentration
level at the sampling point. In the subsequent Experiments 10D and 11D, the
evaporation rate was significantly less and the system appeared quiescent.

The data indicate that no significant agglomeration is occurring after approxi-
mately 10 min. The concentration values increase with time because the evapora-
tion of the hydrogen is occurring, but the total quantity of cyclopropane

- suspended remains constant. The concentraticn level which persisted is approxi-
mately one order of magnitude less than the goal of the program.

Experiments 13D through 170, involving the preparation

of ethylene particles in liquid hydrogen, demonstrate that there is a gradual

~agglomeration of the particles with progressing tima. After 34 min, the con-
 centration of ethylene has decreased .to 300 ppm from an initial value of greater

than 11,000 ppm. The fact that ethylene particles remd1ned suspended at the
‘{5000 ppm level for approximately 15 min 1nd1cates that the sug pans1on does

‘have a measurab]e metastab]e ex1stence ’ é" L
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TABLE XI

DATA INDICATIVE OF THE STABILITY OF COLLOIDAL-SIZE
HYDROCARBON PARTICLES IN LIQUID HYDROGEN

AP
Across  Hydrocarbon Concentration Total Volume -Elapsed
Exp. Hydrocarbon Orifice at Fixed Sampling Point, At Sampling Time

No.  Candidate psi _bpm Time, cc min
9D Cyclopropane 53 5,040 550 2
4,730 300 7

10D  Cyclopropane 44 210 600 | 10
400 310 37

110 Cyclopropane 44 210 650 16
504 . 310 46

13D Ethylene 50 6,580 300 5
14D  Ethylene 52 11,750 | 500 2
3,010 450 12

150  Ethylene 50 . 6,300 | 700 12
- 160 Ethylene 50 4,200 450 15
17D Ethylene 48 . 308 360 34
20D Ethane 49 525 S 450 3
» 615 : 300 10

210 Butene-1 51 4,770 800 2

420 550 10

Ethane particles evidently continue to agglomerate slowly
after an initial rapid agglomeration. Within 15 sec after the first particles
were prepared, large flocculent particles of ethane began to form. . Butene-1
particles also exhibited agglomeration in ]1qu1d hydrogen, 1sobutane part1c1es
settled out 1mned1ate1v after preparat1on ‘ R

Based on the resuits from the 1n1t1a1 ser1es of exper1- =

Mments, add1t1ona1 exper1ments were conducted\W1th cyc]opropane. ethy?ene, and

LN




IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

ethane with increased slorage duration. The gaseous mixture, 10 volume per-
cent hydrocarbon/20 volume percent hydrogen, was injected into the liquid
hydrogen for 1 min. The major portion of the hydrocarbon particles settled
quickly due to agglomeration and the remaining clear liquid hydrogen solution
was sampled periodically. Typical results obtained with cyclopropane are
presented in Table XII.

TABLE XI1

DATA INDICATIVE OF THE STABILITY OF CdLLOIDAL-SIZE
PARTICLES OF CYCLOPROPANE IN LIQUID HYDROGEN

AP
Injection Across Hydrocarbon Concentration Total Volume Elapsed
Exp. Orifice Orifice at Fixed Sampling Point, At Sampling Time

No. Size psi ppm Time, cc min
95  0.025 in. 14 273 580 10
| 462 400 65
105 0.025 in. 16 1050 590 6
483 1 350 120
13 0.025 in. 27 420 700 -3
630 - 410 120
13 -0.025 in. 43 a 378 « - 750 7
609 © 350 187
10M 0.025 in. 13.5 546 640 | 30
| 882 | 340 145
15F  0.025 in. 4.0 672 ; 610 30
. v 567 570 35
1155 | 375 140
| | 1575 . 370 145
16F  0.026 in. 3.1 o 1365 360 N
1F 10, frit 2.8 % . U267 et 750 5
| L 798 oL 380 120
3F  10p frit 6.4 ol 35 93
31 10, screen 8.3 %5 . . 60 ¢ 3
Ve ‘lJ scre : T ) 294 S ;{ ) 550 . :// . 48
o ooona o g 325 f/:1182
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~ offers no advantage over hydrogen itself.

IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

The significant item to be noted from the data is that o
the cyclopropane concentration generally increases with increasing storage X
time. Because the hydrogen evaporates gradually, the explanation for this
behavior is that a significant number of cyclopropane particles of very small
size form and do not agglomerate. After the large particles have settled out,
the total number of the small particles in solution remains essentially con- A

stant. Therefore, if the volume of the liquid decreases by one-half, the con-
centration of the hydrocarbon is doubled.

The data reported for Experiment 15F give an indication
of the reproducibility of the analyses. The scatter in the data is appreciable,
-but this was expected at these low concentration levels. For example, for ;
cyclopropane, 100 ppm by weight corresponds to approximately 5 ppm by volume; o
the 1imit of sensitivity of the analytical method is 1/2 ppm by volume. ;

The pressure drop data in the scoping experiments indicate tpat :
the number of small particles formed is not directly related to the velocity
at which the gas mixture is injected into the liquid hydrogen. The effect of
orifice size in the range utilized in these experiments does not appear to be

~significant. The effect may become apparent if a larger range of sizes is
employed.

In Experiment 10M, helium was used as the carrier gas
for the cyclopropane rather than the hydrogen normally used. Comparison of
the results from Experiment 10M with the other experiments in the table con-

firms that the use of a non-collapsing gas, such as helium in 11qu1d hydrogen,

The results of this series of experiments are very en~
couraging in regard to preparing uniform suspens1ons of colloidal-size hydro- .ﬁa"
carbon particles in 11qu1d,hydrogen The fact that sign1f1cant quant1t1es of

e
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IV, A, Suspensions of Hydrocarbor Particles in Liquid Hydrogen (cont.)

cyclopropane remain in suspension for at least three hr implies thal a pro-
longed existence of such a suspension is possible. Cycloprcpane is the most
promising candidate for such suspensions.

Similar experiments were conducted with ethylenes, ethane,
and a cyclopropane/ethane mixture. The results are presented in Table XIII.

TABLE XITI

DATA ON THE PREPARATION OF COLLOIDAL-SIZE PARTICLES OF HYDROCARBONS
IN LIQUID HYDROGEN AND INDICATIVE OF THEIR STABILITY

Average Hydrocarbon  Total
AP Concentration Volume
Injection Across at Fixed At Sampling Elapsed
Exp. Orifice Orifice Hydrocarbon Sampling Point Time, Time
No. Size _psi Candidate _ ppm , cC min
55 10u 1.4 Ethylene 868 750 7
| 504 400 27
74 0.025 in. 1.4 Ethylene 168 €00 3
28 550 57
5M 0.025 in. 3.0 Ethylene 560 700 3
| 742 : 360 148
12M  0.025 1in. 2.7 Ethylene 714 ‘ 590 30
938 330 150
13 0.025 in. 2.5 Ethylene 224 610 30
. 196 305 150
* 1IF 0.025in. 5.3  Ethane | 45 720 10
' 45 370 296
- 18F 10y 9.7  Ethane 210 . 470 5
; . 105 - 300 | ,,QS
‘8  0.025in. 2.8 . Ethane/ ‘12 615 30
C , _ Cyclopropane = 44 - 380 - H4s |

"1/1
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.) -

The data in the table indicate that ethylene behaves simi-
larly to cyclopropane, but that agglomeration continues during the storage
period. Although the ethylene concentration increases in a few cases, the
total number of ethylene particles decreases in all cases. Ethane particles
continue to agglomerate as evidenced by the data. However, note that .the
flocculent nature of the agglomerated ethane particles is attractive for
gelation of the hydrogen. Experiment 8M was conducted with a 1:1 ethane/
cyclopropane mixture to determine if a hydrocarbon mixture would result in
less particle agglomeration than a pure hydrocarbon. The decreasing concen-
tration of hydrocarbons in the liquid hydrogen with time indicates that the
particles continue to settle.

In summation, cyclopropane is apparently the most suitable
hydrocarbon candidate of those evaluated for the preparation of suspensions
of colloidal-size hydrocarbon particles in liquid hydrogen. Repeatedly, the
total number of suspended particles remains constant while the volume of the
solution decreases. '

3. Preparat1on of Cyclopropane Suspensions
In A Flowing Liquid Hydrogen System

The preparative prbcedure used in the previous scoping ex-
periments led to the formation of primarily large hydrocarbon particies which
settled in liquid hydrogen. Because the hydrocarbon particles formed initi-
a]]y in the Tiquid hydrogen reservoir can function as condensation sites for -
the gaseous hydrocarbon injected 1nto the reserv01r, this process can Tead to
" the formation of 1arger hydrocarbon particles aftef,the system is in operat1on.
than the particles formed initially. In an effort to produce smaller hydro-
carbon part1c1es and to m1n1m1ze the number . of 1arge part1c1es formed by the
preparative procedure, the stat1c 11qu1d hydrogen)reservo1r was replaced by
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IV, A, Suspensions of Hydrocarbon Particles in Ligquid Hydrogen (cont.)

a flowing 1iquid hydrogen stream. In this system fresh liquid was continu-
ously sweeping the gaseous injection orifice and the friéshly formed particles
would not provide condensation sites for the injected hydrocarbon.

Because cyclopropane appeared to be the most suitable hydro-
carbon cand1date for use as a suspension of colloidal-size particles in liquid

- hydrogen, the experiments with flowing liquid hydrogen were conducted with

cyclopropane as the hydrocarbon. The apparatus used for the experiments is
shown iﬁ Figure 8. The injection orifice for the gaseous mixture was 0.010 in.
in dia and the internal heating element was operated at the 85 watt level.

The system was operated until approximately 700 cc of product was collected

in the reservoir. The reservoir contents were sampled periodically at two

‘levels; one sample tube was used to withdraw liquid from near the liquid

surface and the other tube was used to withdraw a sample from the bottom of

the flask. The bottom contained the settled voilume of cyclopropane particles
while the supernatant liquid contained the small particles of cyclopropane in

suspension. The cyclopropane concentration in the 1n3ected gas mixture was
varied, 1, 3, and 10 volume percent were used. . The product was stored for
periods up to 80 minutes to obtain an indication of the stability of the
suspensions.

Typical results are presented in Table XIV. The concentration

“level of cyclopropane in the supernatant liguid is given along with the con-

centration level of cyclopropane in the settled volume of particles. The
supernatant appeared to be transparent dUring the storage periods. A distri- .
bution ratio of suspended cyclepropane to cyc]opropane settled at the bottom

~ of the flask was calculated from the chemical analysis and the values are

li?presented in the last column of the tab]e . Data from two experwments us1ng '
~the static liquid hydrogen system emp]oyed in the scop1ng exper1ments are .]
§ 1nc1uded in the tab]e and des1gnated aS Expe.1ments 9AA and. IOAA Based on
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TABLE XIV

DATA.CQNCERNING THE INJECTION OF GASEOQUS CYCLOPROPANE/HYDROGEN MIXTURES

Concentration of Cyclopropane

o In Liquid Hydrogen Time of AP Distribution
- Composition of Supernatant Sampling Across Period Ratio of
. Injected Gas Liquid Settled Particles After Injection of Gas Cyclopropane
~Exp. Volume Percent Volume ppm Volume ppm Preparation Orifice Injection Suspended/
" _Cyclopropane (cc) (wt) (cc) (wt) min. psi min. Settled
- 15AA 1 670 105 ; 4 5 78.8 4 -7
: ' .50 2.73 x 10 7 5.2 x 10
470 168 4 80 2
e R 40 2.73 x 10 82 7.2 x 10
-~ T16AA 1 - 645 210 4 5 72.1 10 _p
T o . 85 5.46 x 10 7 2.9 x 10
, ) 455 525 4 78 -2
L L L 50 €.51 x 10 80 7.2 x 10
12AA 3 445 1365 5 15 73.5 10 _2
SR e 230 1.30 x 10 17 2.0 x 10
s - 320 1281 5 72 -2
IR P K 210 1.49 x 10 74 2.2 x 10
13A - 3 580 2100 5 5 76.8 7 -2
e ‘ 160 1.07 x 10 7 7.1 x 10
| AR - 360 1218 5 73 2
B E T L _ 150 1.39 x 10 75 2.2 x 10
14AA - . 3 535 1008 - 5 5 73.5 7 2
ST : ; 170 1.05 x 10 7 3.0 x 10
, 380 1890 5 69 -2
R O S 135 1.26 x ]05 7 4.2 x 10
3 ~10 215 1.47 x 10 45 72.0 3 -2
i E 305 4137 . 5 48 4.0 x 10
45 10 200 1.26 x 10 49 74.0 3 -2
- - 260 987 52 1.0 x 10
3 510 357 4 30 67.5 2 2
i 110 3.78 x 10 31 4.4 x 10
10AA 3 285 630 4 30 58.4 10 -3
‘ 460 7.56 x 10 32 5.2 x 10



IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

flow measurements and the pressure drop values in the gas mixture tank, not
all the cyclopropane was trapped in the liquid hydrogen. The date indicate
that from 50 to 100 percent of the hydrocarbon was captured.

| The significant items to be noted from the data in Table XV
are that (1) only from 1 to 7 percent of the cyclopropane particles remain
suspended after five minutes following preparation of the particles, (2) the
cyclopropane concentration used in the injected gas mixture does not affect
the distribution ratio significantly, but increasing cyclopropane concentra-
tion in the injected gas mixture does increase the concentration of cyclopro-
pane which remains in suspension initially, and (3) the flowing liquid hydro-
gen system does produce a greater concentration of cyclopropane particles in
suspension than the static liquid hydrogen system, compare Experiment 12AA
with 10AA. The fact that less than 7 percent of the cyclopropane particles
are in suspension five minutes after preparation in the flowing liquid hydro-
gen system indicates that considerable agglomeration of particles does occur.

In an attempt to obtain an indication of the particle-size
of thé cyclopropane which remained in suspension, the 6 mm I.D. sampling tube
was replaced with sample tubes having glass frit filters. The results are
presented in Table XV, '
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IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

TABLE XV

DATA OBTAINED IN ATTEMPT TO DETERMINE THE SIZE
OF CYCLOPROPANE PARTICLES SUSPENDED IN LIQUID HYDROGEN

: Concentration of
Composition of AP Across Period Cyclopropane in

Injected Gas Injection of Gas Liquid Hydrogen Sampling Conditions

Exp. Volume Percent Orifice Injection Sample Withdrawn Time Tube
No. Cyclopropane pSi min. ppm (wt)  min. I1.D.
18AA 1 72.0 2 100 - 90 6 mm
19AA 1 74.5 3 <10 - 5 fine porosity
: <10 85 frit, 4-5.5u.
1S 1 73.2 3 20 5 medium porosity
: frit, 10-15u
4s 10 74.0 3 987 52 6 mm,
subcooled
58S 10 73.1 3 g 40 43 coarse porosity
_ ~ frit, 40-60u,
subcooled

The concentration of cyclopropane in the liquid hydrogen filtered through the
frits was negligible compared to the concentration obtained with the unfiltered
samples. At first glance, one might assume that the cyclopropane particles

in suspension are greater than 50u in dia. However, particles of this size
should readily settle in liquid hydrogen It may be assumed that convection

in the flask could maintain some large part1c]es 1n suspens1on, but in Experi-

~ ments 4S and 55 the Tiquid was subcooled and then pressur1zed to reduce con-
" vection due to bo111ng : : -

The rate of 11qu1d samp11ng through the frit was slow com-
pared to the 11qu1d flow through 6 mm tubes and this may 1ead to fract1onat1on
of the m1xture as it progresses to the samp1e bomb In add1t10n, there 1s
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~in the Tiquid hydrogen bath. A sampling tube was installed in the sample 55_’» }ﬁ'fAT'
- storage flask S0 that 11qu1d samp1es cou1d be per1od1ca11y w1thdrawn. S

g3
g
3
i
£
5
b
e
$
ot

IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)

some tendency for the small particles to adhere to the glass surface initially
and it is conceivable that the cyclopropane particles adhered to the glass
frits. Because of these factors, it is felt that the filtration of the liquid

samples is not a valid means of determining the size of the cyclopropane par- -
ticles in suspension.

In sunmation, the use of the flowing hydrogen system did
lead to. a increase in the concentraticn of cyclopropane particles in suspen-
sion as compared to that obtained with the use of the static 1liquid hydrogen
system. However, the majority of the cyclopropane particles do agglomerate
within a matter of minutes after preparation of the initial particles. The
determination of the storability of the cyclopropane partic]és in suspension
as a function of time is discussed in the next section.

4. Storage of Cyclopropane Suspensions in Liquid Hydrogén

During fhe initial scoping experiments, suspensions of cyclo-
propane particles were stored as long as three hours while the concentration
Tevel remained at the 500 ppm level. The tests were conducted with an exter-
nal Tiquid nitrogen bath and the gradual evaporation of liquid hydrogen from
the inner storage flask limited the period of storage.

To provide a system in which the cyclopropane suspension in
1iquid hydrogen could be stored indefinitely, an apparatus was built as shown
in Figure 12. A large double-walled flask was partially silvered so that view
slots remained and then evacuated. This liquid hydrogen storage Dewar served'

- as an external 1iquid hydrogen bath. The sample storage flask waslfabricéted

so that after prepation of the suspension, the entire flask could be submerged




LHZ i . F——

FILL
PORT

LH, -

FILL - '
CYCLONE =L SAMPLING
_ TUBE

=
[T SSN——

[Dr,  segR e WIRE
N FOR

s HANDLING
: " THE FLASK

N
\ !
\ ¢

VIEW e
sLOT = S ot SAMPLE
=] . STORAGE

. STORAGE— o i Bt v
| . . B LA

- % 3 ‘-. ¥
45 5 AT P T P

3~ poixe ‘a T i~ ﬁ:‘ 1 i R R g, s P A - AR R AR LT b
LA St N SR SR B T b S wid s AR R ALY L e P SPGB RE N v o ST AT T R L

e

; Figure 12. COMPONENTS FOR STORAGE TEST OF
] COLLOIDAL-SIZE PARTICLES IN LIQUID HYDROGEN
. Page 55




f:‘.‘
8
?,
”
i

(g K B R

IV, A, Suspensions of Hydrecarbon Particles in Liquid Hydrogen (cont.)

The assembled apparatus is shown in Figure 13. A tygon tube with appropriate
valves was attached to the sample tube in order to provide controls for sampl-
ing. After withdrawal of a liquid sample, the ullage of the storage flask was

repressurized with helium to imnediately repress boiling due to the partial
vacuum created by sampling.

The suspension of cyclopropane particles was prepared by
injecting a 10 percent cyclopropane in hydrogen gaseous mixture through a 0.025
in. dia orifice into the liquid hydrogen in the sample storage flask for one
minute. Liquid hydrogen was added as necessary to maintain a 600 cc liquid
level during the preparation procedure. The pressure drop across the orifice
was 2.7 psi. Based on previous experiments, this procedure should produce a

- suspension of cyclopropane in liquid hydrogen of approximately 1000 ppm by

weight. The total Tiquid volume was 500 cc and the settled volume of cyclo-
propane particles was 40 cc. The sample tube inlet was located at the 300 cc
level. The apparatus was assembled as shown in Figure 13 and the samples were

withdrawn at one day intervals. The results of the storage test are presentég
in Tab]E’ XVII | . - 1,(7’( AN

TABLE XVI

~ DATA OBTAINED DURING THE STORAGE OF A
CYCLOPROPANE SUSPENSION IN LIQUID HYDROGEN

Time Elapsed Concentration of Cyclopropane

.Since Preparation ~ Suspended in Liquid Hydrogen
~of ‘Particles, hr o __ppm_(wt)
659 e
RS -







IV, A, Suspensions of Hydrocarbon Particles in Liquid Hydrogen (cont.)’

At the end of 66 hours of storage the test was terminated
because the concentration level of 16 ppm corresponds to approximately the
limit of detection of the analytical procedure. The fact that the concen-
tration level had dropped down to 100 ppm after 19 hours indicates that the
cyclopropane particles continue to agglomerate and consequently settle out
of suspension. The significance of the storage test results is that it does
not appear to be feasible to prepare suspensions of colloidal-size particles
of hyvdrocarbons in 1iquid hydrogen which have an unlimited Tife time. Sus-
pensions can be prepared with 1ife times on the order of minutes, but a
stable colloidal suspension which is storable for days or years does not
appear to be available for use in the nuclear rocket engine.

B. GELATION OF LIQUID HYDROGEN

The gelation of liquids with particulate gelants is generally
dependent on the specific surface area of the particles, i.e., the smaller
- the particle size, the greater surface energy per mass available for gelation.
In addition to the interparticle attractive forces, liquid surface attractive
forces can also contribute to the gel formation. In this program in which
hydrocarbons are to be used as the gelants for liquid hydrogen, it is essen-
tial that the hydrocarbon particles be completely insoluble in the liquid
hydrogen. Otherwise, the smaller particles will dissolve and the larger
particles will increase in size to some equilibrium value. If this occurs,
. then one observes, on the macroscopic scale, that the gelling capacity of

| the particles will decrease gradually unt11 the gel structure disappears. |
The discussion of results is divided into the f0110w1ng sections: {1) Scop-.. |

. ing Experiments, (2) Optimization of Conditions to Prepare Ethane Gelant
Particles, (3) Storage Tests of Liquid Hydrogen Gelled W1th Ethane Particles,

e em vap g o min et T eveme o e ey B

(4) Preparation of a Ge]]ed Hydrogen Slush and (5) Character12at1on of vf,,f[ff o

) Gelled L1qu1d Hydrogen

‘Z}Pégé 58 A




IV, B, Gelation of Liguid Hydrogen {cont.)

1. Scoping Experiments

i In order to survey the relative effectiveness of candidate
;f hydrocarbon particles for gelation of liquid hydrogen, an initial series of
experiments was conducted in which candidate gas mixtures were injected for
periods of time ranging from 6 to 10 min and the volume of the settled parti-
cles was measured and analyzed. To obtain a relative measurement of gelling
capacity, the apparent constant volume of settled particles was selected as

a criterion for the minimum quantity of hydrocarbon required for imparting
gel structure to liquid hydrogen. The actual concentration required to
impart gel structure to liquid hydrogen is appreciably greater than this
minimum value. Initial experiments conducted with methane indicated that
less dense particles were obtained using the 0.025 in. dia orifice instead

of the 10n metal frit. Consequently, the hydrocarbon particles were prepared
by injecting a nominal 10 volume percent hydrocarbon/90 volume percent hydro-
gen gas mixture into liquid hydrogen through a 0.025 in. diz orifice, The
results from this series of experiments are presented in Table XVII,

N
i
i

!
1
i

Of the hydrocarbons considered in this series of exper%ments,
ethane appears- to have the greatest gelling capacity for liquid hydrogen; the
settled volume of particles being less than 4 weight percent in each experi-
ment. Methane appears to be the second choice for a gelant, with a 5 weight
percent value when prepared with the same injection orifice as the other

| hydrocarbon particles. Propene, ethylene, and cyclopropane exhibited values
in the 10 we1ght percent category, and evaluation of the isobutane and butene-1
t'part1c1es indicate that greater than 20 weight percent is required for ge]a-
~ tion of 1iquid hydrogen; values in this regime are proh1b1t1ve with regards
o performance degradétion in a nuclear engine. The trend of the data indi-

| would resu]t in st111 h1gher concenfratlons of part1c1es requ1red for ge]at1on'

cates that the use of higher mo1ecu]ar we1ght hydrocarbons than those evaluated .,3‘_



2 TABLE XVII

DATA ON THE MINIMUH QUANTITY OF HYDROCARBON
REQUIRED TO GEL LIQUID HYDROGEN

Time Required
Minimum Weight To Attain
Exp. Hydrocarbon Percent Required Constant Vol
No. - Candidate For Gelation min Remarks

9 Methane 12.8 60 Used 10y frit, volume of
~ particles remained con-
stant for 3 hrs after
initial hr of settling.

6N Methane 4.9 30 Used 0.025 in. orifice.

IN  Methane | 5.0 30 Used 0.025 in. orifice.

1D Isobutane 22.2 35 - Small, compact particles.

3D Isobutane 20.8 25 Relatively dense, settled
rapidly. .

4D Propene | 10.5 30 Small, fToccu]ent particles.

5D Propene 10.5 22

80  Cyclopropane 12.8 30 Relatively flocculent par-

ticles formed which tended
to compact further on

. | standing.
12D "Ethylene 8.9 : 30 ~ Small particles which did
not agglomerate readily,
| - ; settled slowly.
i 18D  Ethane , 2.8 15 " Particles settled very
é; : gradually, no visible
4 19D Ethane - 3.8 ” 15 particles remain in the
: - o | -supernatant Tiquid after
% 20D Ethane I 2.6 15 '15 min.
e 22D Butene-1 . - 45.0 -ﬁr §¥} . Large, dense paru1cles

., appeared almost mmedi-+
“-3ately and. began to
v sett1e R




IV, B, Gelation of Liquid Hydrogen {cont.)

Based on the toregoing; additional experiments were condueteﬂ
with methane and ethane as gelants for liquid hydrogen. 'The additional data _
obtained with methane is presented in Table XVIII.

TABLE XVIII

. DATA INDICATIVE OF THE MINIMUM QUANTITY OF .
METHANE REQUIRED FOR GELATION OF LIQUID HYDROGEN

Injection Average Volume of Concentration

Orifice AP Across Settled of Methane Elapsed
Exp. Size Orifice ~ Particles in Gels Time
No. in. psi cc wt% min.
23D 0.025 47 270 11.0 36
14 0.025 40 50 - 12.4 1180
15J 0.025 , 60 400 6.4 1
: 300 - 8.6 10
200 12.9 35
200 12.9 . 10
180 14.3 110
150 17.2 150

150 17.2 230

The data indicate that the part1c1es continue to grow for at
least two hr after which the voiume of partlcles remains constant. The sig-
nificant item to be derived from the data is that the methane concentration -
,‘requ1red to produce a gel in Tiquid hydrogen is at Ieast 12 we1ght percent

~ “and may be greater than 17 weight percent. These va]ues are con51derab1y

greater than the m1n1mum values reported in Tab]e XVIT, The data in Table XVII

- are based only on the volume of settIed part1c1es without any apparent ge]

~ structure present; the values in Table XVIII were obtatned w1th the geI structure
apparent in the Tiquid hydrogen. . R : C :

SR Gl
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IV, B, Gelation of Liquid Hydrogen (cont.)

A gaseous mixture of 10/volume percent ethane/90 volume per-
cent hydrogen was used to prepare the ethane gelant particles. The injection
tube orifice was 0.025 in. dia and the gaseous mixture was injected for periods
of approkimate]y ten min. A small layer of liquid hydrogen was maintained on
the surface of the gelled liquid to prevent a crust of particles from forming
on the surface. The yield stress values of the gels were measured by the
weighted sphere method described in Section III, C. The weighted spheres
were prechilled and then gently Towered ontc the gel surface. Based on the
dia and weight of the sphere, a yield stress value was calculated. The data
obtained from these experiments are presented in Table XZX. The data indicate
~that a minimum of 10 weight percent ehtane is required to impart significant
gel structure in liquid hydrogen as indicated by a yield stress of greater
than 135 dynes/cmz. A1l of the gels reported in Table XIX supportea the sphere
which exerted 135 dynes/cm2 on the surface, but would not support the sphere
which exerted 500 dynes/cm Withdrawal of the heavier sphere from the gel
left a hole which maintained its structure, further demonstrating that the
gel is self-supporting.

Two prolonged storage tests were conducted for a period of
eight hr. The first, designated as Experiment 12F, was conducted with 1iquid
nitrogen in the outer bath. The evaporation rate of hydrogen from the gela-
~tion flask was such that small quantities of 1liquid hydrogen had to be added
periodically. This addition of 1iquid hydrogen disturbed the gel, a measur-
-able loss in gel volume was noted following each.addition. Experiment 2M
was subsequently conducted with Tiquid hydrogen in the outer Dewar to dvoid
the necessity of adding liquid hydrogen.to the gelation flask. After 8 hr of
- storage, the ethane concentration 5n the ge]tincreased'from an injtial 11.3
“weight percent to a value of 13.8 weight percent. Aga1n these values- are
‘-cons1derab1y greater than the data values obtained dur1ng the scop1ng exper1- e
ments reported in Table XVII. The data reported in Table XIX is for m1xtures}
which possess measurab1e gel structure, while no ge] structure was apparent
in the experwments descrlbed by tne data in Tab]e XVII. ' PERAE
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IV, B, Gelation

of Liquid Hydrogen (cont.)

\

TABLE XIX

DATA INDICATIVE OF THE QUANTITY OF ETHANE
REQUIRED FOR GELATION OF LIQUID HYDROGEN

: Average AP Volume Concentration Yield Elapsed
Exp.. Across Orifice 0f Gel Of Ethane In Gel Stress 2 Time
No. psi cC wt% dynes/cm min.

i e L

SF

6F

8F

10F

12F

2M*

65

63
3.4
2.6

3.0

1.8

420
200
430
380
k750

440

- 930

495

9.2

8.4

10.3

10.0

1.1

- 18.9

11.3

13.8

>135
<500

>135
<500

>135

<500

>135
<500

>135
<500

>135
<500

>135
<500

>135
<500

80
120
81
140
72 -

480

484

*[quid hydrogen was substituted for liquid nitrogen in the -~

~ outer.Dewar to reduce evaporation. from the gel vessel. - = -




IV, B, Gelation of Liquid Hydrogen (cont.)

At this point, it should be borne in mind that the prepara-
tion of the particles for gelation had not been optimized. The effect of
dilution ratio with the carrier gas had not been evaluated, and the effect
of the orifice size had received only cursory investigation. However, the
particles of the various candidate hydrocarbons had been prepared under simi-
lar conditions and a comparison of the relative gelling capacities of the par-
ticles of the candidates should be valid. Based on the foregoing results it
was apparent that ethane particles were the most suitable of thé candidates
evaluated for the gelation of liquid hydrogen.

2. Optimization of Conditions to Prepare Ethane Gelant Particles

On the basis of the experimental results from the scoping
experiments, ethane was selected as the prime hydrocarbon candidate to use
as a gelant for liquid hydrogen. The experimental effort was directed toward
the definition of the cptimum conditions for preparing ethane gelant particles.
The effects of injector orifice size, composition of the ethane-hydrogen mix-
ture which is injected into the liquid hydrogen, and the velocity at which
the gas mixture is injected into liquid hydrogen were evaluated.

In these experiments, the concentration of ethane in the
settled particle volume in liquid hydrogen served as an indication of the
relative size of the ethane particles. As the gelant particle size decreases,
the gelling capacity of the particle increases and the weight of gelant required .
for gelation decreases. -Minimizing the ethane concentration in the settled
volume of particles is the desired result and the conditions which lead to " .
minimiiing th§ ethane particle size are to be considered as optimum for pre- .

~ paring gelant particles. o | | '

[Page 64 o
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IV, B, Gelation of Liquid Hydrogen (cont.)

Three orifice sizes, 0.010. 0.025, and 0.052 in. dia, were
used in the experiments. The ethane concentrations 'in the gas mixture which
was injected into the Tiquid hydrogen to form ethane particles were 100, 50,
10, 5, 3, and 1 mole percent in hydrogen. The velocity of the injected stream
is represented by the value of the pressure drop across the orifice. The
particles were allowed to settle and age for 45 min after preparation in

order to insure that a constant volume was attained. The data obtained from
the experiments are presented in Table XXI and are also plotted in Figure 14.

The significant items to be noted from the data are as follows.
First, as the ethane concentration in the injected gas mixture decreases from
100 to 1 mole percent, the particle size decreases as evidenced by the decreas-
ing concentration of ethane in the settled volume of particles. Below the 10
mole percent ethane level, the concentration effect is less pronounced.

Second, as the orifice size decreases, the size of the particles also decrease
significantly. At the 1 mole percent level however, the capture efficiency
with the largest orifice was extremely low so that no significant quantity of
gelant particles was accumulated in the liquid hydrogen. Third, the velocity
of the injected stream is a secondary effect; compar1ng Experiments 7JJ and

8JJ with 9JJ and 10JJ indicates that the average ethane concentration increases
from 6.2 to 6.8 weight percent in the settled particies, but the difference

in the values lies within the 1imits of experimental error. The trends to

be noted from the data are that as the orifice size is decreased and the

ethane concentration in the injected gas reduced, the ethane particles become

more effective for gelling Tiquid hydrogen. The data are indicative of the

- minimum quantity of ethane required for gelation, however, the ethane concen-

tration required for a long-term storage of gelled hvdrogen may be. apprec1ab]y

greater than the minimum values presented in Table XX.

~ Page 65




IV, B, Gelation of Liquid Hydrogen (cont.)

TABLE XX

DATA INDICATIVE OF CONDITIONS REQUIRED FOR PREPARATION OF
SMALL PARTICLES OF ETHANE FOR GELLING LIQUID HYDROGEN

Ethane Pressure Ethane Concentration
Concentration - Drop Orifice in Settled Volume of
In Injected Across Size Particles in Liquid
Exp. Gas Mixture Orifice diameter, Hydrogen
No. mole percent psi inch weight percent

15MM 100 7.0 0.052 £2.5
16MM 100 5.9 0.052 52.5
5JJ 100 0.5 0.025 35.4
_ 6JJ 100 1.0 0.025 37.5
- 17MM 100 73 0.010 18.0
18MM 100 75 0.010 16.5
13MM 50 - 5.6 0.052 25.5
14MM 50 6.8 0.052 34.5
9MM 50 3.6 0.025 13.5
10MM 50 3.0 0.025 14.8
MM - 50 78 0.010 12.4
12MM 50 80 0.010 1.7
- 5MM 10 3.0 0.025 7.4
6MM 10 _ 66 0.010 5.7
734 5 20 0.025 6.4
8JJ 5 18 0.025 6.0
9JJ 5 5.0 0.025 6.0
10JJ 5 3.5 0.025 7.5
1134 5 60 0.010 5.8
12JJ 5 58 0.010 4.2
% 13JJ s 5 60 0.010 4.8
r 3JU 7 3 68 0.010 3.8
L - Bau 3 63 0.010 4.7
o 4dd 1 1.1 - 0.025 6.4

200 ] 67 0.010 4.0 .
330 ] 64 - 0.010 - 4.0
T U 19MM 1 72 0.010 4.3
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IV, B, Gelation of Liquid Hydrogen (cont.)

3. Storage Tests of Liquid Hydrogen
Gelled with Ethane Particles

, The data obtained from the optimization of the procedure

?H for preparation of gelant particles gave a preliminary indication of the

| minimum quantity of ethane required to produce gel structure in liquid hydro-
gen. The data indicate that the use of the smallest orifice (0.010 in. dia)
enhances the formation of the smaller solid ethane particles as evidenced by
the small values of the ethane concentration in the settled volume of particles.
The data also indicate that the low concentration of ethane in the injected

gas mixture favors the formation of smaller particles. In order to determine
the minimum quantity of ethane that is required for gelation of liquid hydro- N
gen, two gel storage experiments were conducted for periods of approximately |
400 minutes.

The first gel was prepared using the 0.010 in. dia orifice
and 5 volume percent ethane in hydrogen as the injection gas mixture.. The gel
was stored for 397 minutes; the gel structure index was found to exceed 200

‘ vdynes/cmz; and chemical analysis showed that 9.0 weight percent ethane was
present in the gel. The second gel was prepared using the 0.010 in. dia
orifice and 1 volume percent ethane in hydrogen as the injection gas mixture.
The gel was stored for 407 minutes; the gel structure index was found to be

: less than 200 dynes/cm2 and the chemical analysis showed that 6.3 weight per-

- cent ethane was present in the gel. Based on these data, it was apparent that

the gelled liquid hydrogen for a five-day storage test should be prepared‘ |
using the 0.010 in. dia.injection orifice and the 1 volume percent ethané in
hydrogen as the injectioh gas for preparing the ethaneiparticles.

i
!
i

e NEZPAR

Initially, the gel particles for the five-day storage test
~of ge]led Tiquid hydrogen were prepared using a 1 volume.percent ethane in

i . hydrogen as the gas m1xture wh1ch 1s 1n3ected 1nto the 11qu1d hydrogen

- Page 68'5'
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IV, B, Gelation of Liquid Hydrogen (cont.)

But the use of a smaller preparation flask allowed the gelant particlies to

be carried out of the flask as a fluidized bed and an adequate quantity of
gelant particles for the gel storage test could not be attained. This situa-
tion was avoided by using a 3 volume percent ethane in hydrogen as the mixture
for injection into the liquid hydrogen. After the gelied hydrogen was pre-
pared, the gel was sampled, the flask was capped, and the entire flask immersed
in a Tiquid hydrogen storage Dewar. The apparatus used is shown in Figure 15.

Liquid hydrogen was added periodically through the cyclone
to the 1iquid hydrogen storage Dewar. The storage Dewar-was silvered with |
only two view slots left for observation. The gel volume was monitored by
visual observation during the storage period.

The gel volume decreased from an initial value of 320 cc to
a value of 300 cc after 40 hours and there was no further change in volume
during the remaining 81 hours of this storage test. The chemical analysis
showed that the initial ethane concentration in the gel volume was 8.8 + 0.2
weight percent. A sample withdrawn at the termination of the storage test
was analyzed and found to contain 11.6 + 0.2 weight percent ethane. However,
during the final sample procedure some of the gel was compacted as the tube
was lowered, so the analysis is considered to represent an upper limit vaiue.
Based on volume change, the gel should have contained 9.7 weight percent ethane

at the end of the test.

The storage test demonstrated that the gelant part1c1es rema1nr~;
essent1a11y unchanged during the f1ve days and that prolonged storage of gelled

liquid hydrogen should be possible as far as the ge]ant 11qu1d hydrogen 1nter- :
actions are concerned The test further demonstrated that 10 we1ght percent

ethane in liquid hydrogen is quite adequate for ge]at1on of the 11QU1d hydro- gffe,fjf
gen for use 1n the nuc]ear eng1ne system ' FRR AR :
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IV, B, Gelation of Liquid Hydrogen (cont.)

4. Preparation Of A Gelled Hydrogen Slush

As slush hydrogen ages there is a gradual growth in the size
of the solid hydrogen particles and the solid hydrogen particles settle out.
Although it is not possible to prevent this growth of crystals, the hydrogen
crystals can be maintained in suspension uniformly by gelation of the liquid
hydrogen.

| A gelled hydrogen slush was prepared and stored for fifteen

minutes. The extremely short storage period was determined by the heat-soak
rate into the épparatus that was used. The ethane gelant particles were pre-
pared by injecting a 3 volume percent ethane-in-hydrogen ﬁixture through a
0.010 in. dia orifice into liquid hydrogen. After'preparing the particles,
the injection tube was replaced by a stirring rod and the liquid hydrogen was
evaporated by applying a vacuum until the slush formed. The mixture was

- stirred during the evaporation step to maintain uniformity. The resulting
slush was firme gelled with 4 weight percent ethane. Volumetric measurements
indicated that the slush contained 50% solid hydrogen. There was no apparent

“degradation of mixture during the brief observation period.

From visual inspection of the gelled mixture, the gelant
concentration apparently was higher than required to maintain a uniform slush.
The lack of suitable apparatus to maintain the slush for prolonged periods,
negates any effort at this time to determine the minimum concentrat1on of
gek nt necessary to ma1nta1n un1form1ty in the s]ush.f 8

"\»)/




IV, B, Gelation of Liquid Hydrogen (cont.)

5. Characterization of Gelled Liquid Hydrogen

The gelled liquid hydrogen was characterized with respect to
viscosity over a range of shear rates and the yjeld stress measured by a modi-
" fied penetrometer method. The methods and procedures have been described in
. Section III.C.

The flowability of the gelled liquid hydrogen through a nom-
inal 1/4-in. dia tubing was demonstrated at several gelant concentrations.
The apparatus used for these experiments is shown in Figure 11. Sufficient
ethane was used to impart slight gel structure to the liquid hydrogen. Liquid
hydrogen was then flowed through the same coil to obtain comparative data.
The data are presented in Table XXI; the apparent viscosity values were cal-
culated using conventional relationships for coiled tubes (Reference 4).

SE T

The data indicate that the gelation of the Tiquid hydrogen
at the ethane concentration levels reported causes approximately two to three
fold increase in the apparent viscosity at the shear rates encountered in the
experiments. Based on the Reynolds number values, the .flow in these experi-
ments was in the turbulent regime. The data are plotted in Figure 16 in the
form of shear stress versus shear rate. The ratio of these values is the J
apparent viscosity. For comparison purposes a dotted line designated as
"theoretical LHZ" is included in the figure to represent the v1scoa1ty of
liquid hydrogen in the laminar flow regime. The viscosity value of 1.34,x
10'4'poise at 20°K (Reference 10) was used to generate the line.-
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, The scatter in the data is due to the fact that the measure~.'p" .
ments are being made at the normal bo111ng point of the 11qu1d and due to - '[h'“ Lﬁ’
errors in pressure.readings because re1at1ve1y Tow pressures are requ1red to: 7g};,h o

~ initiate and maintain flow. The apparent fact that the ge] w1th 6% ethane ‘fh‘!""



TABLE XXI

DATA INDICATIVE OF THE APPARENT VISCOSITY OF GELLED LIGUID
HYDROGEN FLOWING THROUGH 0.19 INCH DIAMETER TUBING

Gelant AP Across Calculated Appareht
Concentration Coil Flow Rate Viscosity

wt% psi cc/sec cp

0.40 12.1 0.23
.50 14. 0.24
.55 14. 0.27
16 10. 0.11
.18 9. 13
.25 . .15
.25 13. 13
.30 16. 13
.45 15, .20
.44 13. .23
.65 21. .21
.68 i8. .26
.90 20. .30
.90 23. .27
35 27, .34
.40 27. .35
.75 - 50. .38
.05 5. .061
.06 6. .064
1 10. .076
11 10.
12 9.
13 10.
.16 1.
.20 14,
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IV, B, Gelation of Liquid Hydrogen (cont.)

present is more viscous than gels with additional ethane present may be par-
tially attributed to the fact that the value of 6% was deduced from previous
experiments and was not measured due to loss of the sample. This behavior
also indicates that the gel shear thins rapidly and viscosity values are not
strongly dependent on the gelant concentration.

The ‘gelled liquid hydrogen was also flowed through nominal
3/8-in. tubing to evaluate further the flow behavior. The apparatus used for
these experiments is shown in Figure 10. Typical data from the experiments

is presented in Table XXII; the apparent viscosity values were calculated
as previously denoted.

The data indicate that the gelation of liquid hydrogen at
the ethane concentration levels reported causes approximately two to four
fold increase in the apparent viscosity at the shear rates encountered in the
experiments. The measurements were made in the turbulent flow regime as with
the 1/4-in. tubing. The data are plotted in Figure 17 in the form of shear
stress versus shear rate. The gel containing 7.35% ethane is apparently
more viscous than the gel containing 9.15% ethane. The chemical analyses of
both gels are considered valid and the reversal is attributed to the viscosity
values being relatively independent of the gelant concentration because of ‘the
"shear th1nn1ng" which occurs during flow. )

- In summary, the flow data demonstrate that the gelled liquid
‘hydrogen-can be transferred read1ly through Tines with pressure drop values -
y approx1mate1y three fold greater than the values requ1red for 11qu1d hydrogenf
itself. | L - " ' ‘
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TABLE XXII

DATA INDICATIVE OF THE APPARENT VISCOSITY OF GELLED LIQUID
HYDROGEN FLOWING THROUGH 0.315 INCH DIAMETER TUBING

Gelant AP Across Calculated Apparent -
Concentration Coil Flow Rate Viscosity .4
wt? ps i cc/sec cp |
7.35 0.09 26.5 0.94 1
7.35 0.20 46.9 1.18 E
7.35 0.40 167 0.66
7.35 0.40 147 0.75
9.15 0.05 - 18.9 - 0.73
9.15 0.05 18.0 0.77
9.15 - 0.10 40.7 0.68
9.15 0.10 49.2 0.56
9.15 0.20 80.0 1 0.69
9.15 0.23 131 0.49
5.40 0.10 138 | 6.35
5.40 0.15 209 - 0.39
None 0.05 32.3 0.29
None 0.075 67.9 . 0.21
None 0.10 78.4 0.24
None 0.125 S RV - 0.21
None 0.125 110 - 0.22
None 0.125 121 0.20
- Page,76A ?1
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Shear Stress gﬁp’ dynes/cm2

~ Figure 17. CHARACTERISTIC FLOW CURVES FOR GELLED AND UNGELLED .
Bk LIQUID HYDROGEN USING A COIL OF 3/8 INCH TUBING. - .
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IV, B, Gelation of Liquid Hydrogen (cont.)

The yield stress values were obtained by using the weighted
sphere method described in Section III.C. The values obtained in this manner
are not actual yield values, but provide a good approximation. Typical values
as a function of gelant concentration are presented in Table XXIII.

TABLE XXIII

YIELD STRESS VALUES FOR LIQUID HYDROGEN GELLED WITH ETHANE

Concentration of Yield Stress
Experiment Ethane in Gel ; Value
Number wt? dynes/cm2
5F : 9.2 >135 <500
6F 8.4 >135 <500
8F 10.3 | " >135 <500
10F 10.0 >135 <500
12F 1.1 >135 <500
2M | 11.3 5135 <500
138 - 9.0 ©- 200
14S | - 10.7 ' 200
158 | 12.7 200

The significance of the data shown in the table is that gel structure can be
imparted to 1iquid hydrogen by the use of 10 weight percent ethane, and -a
uniform d1str1but1on of hydrocarbon part1c1es can be ma1nta1ned 1n suspens1on
- ~ by the ge]at1on process | ‘ ‘ - R e :
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IV, Experimental Results and Discussion (cont.)
C. IMPLICATIONS OF THE EXPERIMENTAL RESULTS

The use of hydrocarbon/liquid hydrogen fuels in nuclear propulsion
systems with carbon-containing reactor cores can reduce the corrosion problem

in the core and increase engine longevity. For utilizing the propellants
there are three basic approaches.

The first approach involves the use of one fuel tank in which a
suspénsion of hydrocarbon particles is stored indefinitely at the concentra-
tion necessary to inhibit the corrosion reaction. The nominal concentration
level required to do this is equivalent to 5,000 ppm of methane. This con-
cept requires a storable suspension of colloidal-size particles.

The second approach involves the use of the liquid hydrogen fuel
tank plus a supply of gaseous hydrocarbon which can be injected into the
Tiquid hydrogen stream during operation of the engine. This requires addi-
tional hardware and power to heat the gaseous mixture and can result in
two-phase flow in the feed system. The hydrocarbon particles do not have

to be formulated into a storable blend.

The third approach involves the use of two concentric liquid
hydrogen tanks, one containing the ungelled 1iquid hydrogen and the other |
one containing gelled liquid hydrogen. The gelled and ungelled Tiquid hydro-
gén can be blended during engine»operation to produce the desired concentra-
tion of hydrocarbon in the prope]]ant and the flow of the fuel should keep
‘the part1c1es in suspens1on ~Many variations can be used in connect1on W1th'
~ these approaches and mechan1ca1 dev1ces can also be used to ma1nta1n the -
suspensions. | S “
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IV, C, Implications of the Experimental Results (cont.) :

The experimental results from the program demonstrate that the
first approach is not feasible. Suspensions of colloidal-size particles of -
hydrocarbons cannot be stored for prolonged peribds of time. A1l the hydro- ;
carbons evaluated in the program eventually agglomerated and settied. Mechani-
cal agitation would be required to maintain the particles in suspension. v

The second approach, in-situ preparation appears to be feasible.
The hydrocarbon particles will remain in suspension at useful concentration

1evels for periods varying from seconds to minutes, depending on the hydro-
carbon.

The third approach is also feasible based on the fact that storable
liquid hydrogen gels can be prepared using 10 or more weight percent of hydro- '
carbon particles. This allows a great deal of flexibility in selection of the
gel composition to be used in the system. Based on the experimental data,

a storabie gel can be prepared containing as Tittle as 10 weight percent
ethane while considerably more than 50 weight percent butene-1 could be in-
corporated in liquid hydrogen gel.

The direct utilization of gelled liquid hydrogen in the nuclear
engine system results in a significant performance decrease. The effect of
ethane concentration on the theoretical performance is shown graphically in
Figure 18. Assuming that 10 weight percent ethane is used to gel the hydrogen,
the specific impulse performance degradation is 2.5% compared to liquid hydro-
gen itself at 450 psia chamber ‘pressure, 4500°R, and W1th an expans1on rat1o
of 100. The use of ethane to gel 50% slush hydrogen ch be accomp11shed W1th

4 weight percent ethane and th1s wou]d resu1t 1n a perrormance loss of 1.1
percent. ‘ " : S
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IV, C, Implications of the Experimental Results (cont.)

In summation, the experimental results have demonstrated that a
stable liquid hydrogen gel can be prepared with as little as 10 weight percent
ethane. This gelant concentration can be reduced to 4 weight percent if slush
hydrogen is used. Suspensions of hydrocarbons can be prepared at the 5000 ppm
level which have a life-time of minutes before agglomeration becomes excessive,
but preparation of a storable suspension of colloidal-size hydrocarbon particles

is not feasible. Fuel acquisition systems can be designed toc utilize the fuels
prepared during the course of this program.

Ty T I e T
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V.  CONCLUSIONS AND RECOMMENDATIONS

A.  CONCLUSIONS

- The following conclusions are drawn from the data obtained during
the program:

1. Ultrafine hydrocarbon particles can be prepared which remain
suspended in 1iquid hydrogen for periods ranging from minutes to hours. How-
ever, all suspensions do agglomerate eventually and no suspension appears
storable for a matter of days at a concentration level greater than 100 ppm.

Cyclopropane appears to be the best candidate for suspensions with ethylene
as a possible alternate.

2. Liquid hydrogen can be gelled with 10 weight percent ethane
particles to produce a gel which is storable. The storability has been demon-
strated for a period of five days. Slush hydrogen can be gelled with 4 weight
percent ethane particles. Ethane particles possess the greatest gelant capa-

¢city for hydrogen of the hydrocarbons evaluated in this program.

3. The v1scos1ty values of gelied hydrogen at shear rates of

103 sec = are approx1mate1y three fo]d greater than that of the Tiquid hydro-
" gen itself.

-1

: 4. The yield stress value of gelled hydrogen is approx1mate1y
_ 200 dynes/cm2 at a gelant concentratTOn of 10 we1ght percent ethane.

| ;i' The feas1b111ty of us1ng hydrocarbon/!1qu1d hydrogen fuels
ﬂ¢for nuciear engines has been demonstrated by the preparation of hydrocarbon -

,!?_uspens1onsiand the_f}owab1]1ty of_ge]s conta1n1ng~the‘hxdrocarbon,as gelant o

o . '”36 A method for prepar1ng throcarbon partlcles 1n a f1OW1ng
?,?11qu1d hydrogen system was developed and demonstrated L




V, Conclusions and Recommendations (cont.)

B.  RECOMMENDATIONS

mental results.

1.  The results merit the scale-up of the procedure for prepara-

tion of the hydrocarbon particles.

2. The effect of boil-off, gel-structure, stratification,
vibration on gel structure, and sloshing characteristics of the gelled hydro-

~.gen should be investigated.

3. The heat transfer characteristics of the gelled hygrogen
should be investigated. |

4. The surface properties of the gels, such as suy

wetting characteristics, and capillary behavior require investigation.

5. The stabi]ity of suspensibns with regard to settling during
transfer should be investigated. ’

[ <
A

The following recommendations are made on the basis of the experi-

tent ey L
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