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FOREWORD

This study of gelled liquid propellants was done at the U, S. Naval
Ordnance Test Station (NOTS) under Bureau of Naval Weapons Task
Assignment RMMP-24-080/216-1/F009-06-002 during the period
1 July 1961 to 1 January 1962.

The status of high-density, gelled, liquid-propellant work and
methods for the preparation and evaluation on a laboratory scale of
various types of gels are discussed. Future plans are briefly men-
tioned.

This report has not been technically reviewed and does not neces-
sarily reflect the official views of this Station.
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- a _, INTRODUCTION
o r’)o . _
* Liquid propellants offer a number of attractive features including
high performarce, varjaple thrust, on—off operation, and hypergolic
“ignition, They have relatwely low densities, however, and some of [
them Present safety hazards when spilled. - >

The low. density of liquid systems can be improved by the tise of @ °

_ high-density addjtives. Theoretical calculations have shown that the
addition of a dense material-to a propellant system can increase per- ° .
. formance in tarms 6f Burnt velogity of a rocket (Ref. 1). Maximum
beneflt is achleved when the dense material is programmed into the
" rocket chambar in decreasmg amounts with time. These dense addi-’
. tlves are gangrally solids that must be handled as finely divided pow-
"ders, ahd some means ‘of preparmg a stable suspension of the dense °
addttive in the liquld propellant is needed. ?

.3

In addltmn to better performancge, gels offer a safety advantage
In case of spills, the material tends to remain where it falls and does
"not flow freely as a liquid would Gelled propeklants could be, Tost from
a ruptured tank in twqQ ways: if the rupture is in the lower part of the
tank, the force needed to cause the gel to flow could result f;om either &
the vapor pressure of the pfopallant or thé force of gravity ‘or both
and propella.nt loss could oggur through evapprat1on

One. method of Incomporating danse metal additives in 11qu1d Rpro-
pellants is to form a flujd slurry of the particles in the fugl. This meth-
od has the disadvantaga that the partlcles tend té settle out-and the .
slurry must be stirred contlnually, or ap additional gelhng agent must.
be added to prevent the se'ctllng action. . . "

. If the metal particles are very small (1 micron of less), a stgble
gel suitablg for liquid-prepellant applications may be formed.without

the use of am additional gelling a.gent The preparatipn.of the gel is -
s1mp11f13d and bettey performance. is to be expected without an inert
gelllng agaent. . Do .

This report cdntalns the results of a contmumg study of the:prep- "~
aration and’propertles of gelled propellants in which the metal parti-
_ Cles aat as gelling agents

.
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. weak stryucture and are nonflowing semisolid bodies.
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BISCUSSION

3 : -

« @
°

¢ Since gelled liquid-propellant systems offer advantages both in
safety and performance, the preparation and determination of Physical
R,ropertles of such s‘?stems is*very important. Unfortunately, however, -
@the preparation ofsgels is stllL mgore an art than a science, and infor-
mation on systems of injerest for propellants is practlcally nonexistent.

® Th1xotrop1c pseudplasdic, and pﬂ.astlc gels appear te be the most
satisfacPory types for use with liquid- propellant systems

Thixotropic gels are tho$e whose conS1stency depg-,;nds on the dura-
tion and rgte of shear. Under static conditions, these gels exhibit a :
If, howgver; the
yield point (a. critical value of stress that must ke .exceeded before flow
hegins) is exceeded and thg gels are sheared at a constant rate, the
structure will be progres sively broken down, and’ .the V1scx:>51ty will de -

ci‘ea.,se with time. . - F - 5

. The structure of true thi*cotropic matérials breaks down comple.‘tels,r o "

under the influence of high shearing action (such ag injection tArough an
orifice), @and they behave like true Newtonjan l1qu1ds As soon &s the
ehearing action has ceased, However, the structute begins to reform.
The rate of breakdown and reformation of the structure of a gel, is a
characteristic of that gel and the time reguired for the transition'mgay
vary with different gels from a’fraction of a second to many hours.

‘Pseudoplastic gels exhibif no yleld point, and the flow curves for,

. threse materials indicate .that the ratio of shear stress to the rate of .

shear (apparent v15cos1ty.}afalls pzogressively with mcreasmg shear
rate. The flow curves, become 11ﬂear, indicating.tonstant viscosity,
at very hlgh rates of Shear . .

Plastic gels behave- hke pseu,dop,lastlc gels with the except1on that ‘
. .they’do have a‘’finite yield point. , - J .

The three'gels listed in Tablé 1 are 1tons1dered to have properties
that would perm1t them to be used in liquid - propellant engines. The

» -’ » & » - o
- . TABLFY 1. RHEOLOGICAL Pﬁopsgp"ms OF HIGH-DENSTY GELS S .
. - » ° hd (-3

» The carrier liquid™was UQMIL, tempg’aﬂlre was 25°€, and shear rate was 30,000 sec !

& ©
Gelling Agent Pa’ticJe Carrier “Apparent = | Yield point,
% agent pwt., % | si%e®p | liquid wt., % | viscosity, cp | dynes/cm
- L 2 = >
. Tungsten ... ®.ccveenee... 84.0% | 1.0 &5.7 50.7 3,200 -
calungsten ..owronrenen. o 8850 2.0 15.0: 50.0 2,700
o I.ead (spherical) ...... 4 91.0 2.5 ¢ 9.0 23.4 400- ®
¥ S NEDE  coooamoamaacioams e | e .l L. 100.0 ° 0.509 | .l
.. =
. s, 2lncludes 0.3% Si0y .
S .
< ° 2
5 s .
o »
2 . CONFIDENTIAL
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2 4 TUNGSTEN-UDMH GEL
t 4 TUNGSTEN-UDMH GEL

SHEAR STRESS, THOUSANDS OF DYNES/CM?
~ o '
o [e]
T T

o
T

=
“

LEAD (2.54)~UDMH GEL

1 A 1 [ 1 1 L 1
o} © 10 20 . 30 40 50 60 70 80 90
. « SHEAR RATE, THOUSANDS OF SEC*!

FIG. 1. Shéar Rate—Shear Stress Curves for Some ngh Densm/ Gels at 25°C.

e ®®
& °

o .

injectors would proRlably need #o be alteredeslightly because of the °
higher v1scos1ty,.buttthe changes would not be d1ff1cu1t s 5

o o

°

Thé unusual mapes of the curvgs in Fig. 1 are not ea#ily explamed
Whatever the cause (excluding the pqssjbility of meagurement érro‘i'),
it appears that,ovBr a certain range of shear rate the apparent viscgsity
is less than at higher or loweyr shear rates. This could be of 1mp01d:a.nce
in isjector design. . o . . >

- The gels mentlonea in this reporf are assumed to be thixotropi
although it has not been proved that thé1r.§hea.r tfunmng (reducgion in
apparent v;scos1ty) is a function of time as well*as §hear rate. This is
probably irrelative in any case, because the gel—fluid and the fluid—gel
trahsformatiohs appear %o be extremely rapid, whigh is a very desirable
feature of the gels since they may be sheared only for a short"time in
the injecfbr, and in cage Bf a, spill they would “set uP rapidly to fofm .
*a pile rather than to flow freely.

« + One problem cncountered in the expudsion Jf gels from tanks using- *©

* direct nitrogerfor air pressure is a coring or"plug €£low of the gel only
above the outlet Jole, re?ultmg in"a large porgion of the gel remammg P
az‘oafnd the walls of the tank. This problem can be, overcqmg by using a

plston or a# codlapsible bag to expel the gel e« . °
° ¢ ©° * ‘ [ ° ot & A
° o .o o . @ © -
e -] (-] o [ 13 5
. P O ®
° L/ L) -
° © ) & g
0 15 ) &
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» GELLING AGENTS

\

N

Several high-density, finely divided metals' were considered as gel-
ling agents for various rocket fuels.

with the fuels to be gelled and also be of small enough particle size to
form suitable gels. .

These metals must be nonreactive

Particle shapes may play an important part in the gel formation.
It is generally believed that thixotropy is more pronounced with asym-
metrical particles (Ref. 2), but thixotropic gels have also been rnade
g using spherical partlcles (Ref, 3y.

6

"For this study, tungsten was obtained in angular and sphe;'ical
rorm, and lead and iron were obtained in spherical form. Gels.prepased
with spherical lead particles were compared to gels prepared with

angular tungsten particles ofi-the same.size, and it was found that at a
given shear rate the viscosity of the.lead gel was approximately one-half &

/that of the tungsten gel

Table 1).

The density of the lea.d gel was shght- e
ly greater than that of the tungsten gel. ° .
The gels were prepared with, metal powders in_the le to 2-micron
range. The carrier 11qu1d was unsymmetmcal dimethglhydrazine (UDMH)
. m.all scases. Attempts to fel*hydrazine yesulted ifi its decompositipn
. ° (Table 2). &
L R ° ., @
. O e . . . . v o ®
. T\BLE 28 RESULTS OFSEARCH FOR HIGH- Dmsm{ GELLING AGENTS ©
, - N ® .
° 1@ [} k.3
: - " . * Particle Observation of gelling
) Gelling agent Sourcg t e ® agent in . ®
= C © e I o Size, i | SWape | UDMH NoH,
— — T E \ 4 ®
° Tungsfeh powder ............ ‘ Wah Chang Corp., . 1.0 angular gel decomposition "
® New Yorf\ 2 * _ ®
| . o {3 o @
° T,*ngstgn powder .... | Sylvania Electric Prgducts| 2.0 ang;lar gel decomposition
L] J
Inc.®New Y¥rk .,
° ° ®
Tunggten powdgr ............¢ Linde Co. Div. of 0.03 spherical @ge] decomposition " )
e c . ' 3 ¢ "Union Carbide @qgp. b @
° Lead powder...cocccvueenenne Metalead Prgducts Corp., = 2.5 spherical | gel dfecoxgposmon
° * Malo Alto, Calif. ) * ® s bt
° . - RO L]
Jiron carbonyl powder...... General Anijine and f:lm 3.0 spherncal g&l decomposition -
L . ¢ Corp., N. Y. ® T s
6% o Zirconium oot Carborundum Co., ¥ s 3.5% %ngular ...... L Jigorous ° ¢
o ° "haga& Falls, N. Y *e ° » decomposmon £
L L]
, Zirconium ..o o Carborundgm Co., s e | 2.0 angular gel | et
. c Niagira Falls, N. Y. . -
. e, . s >
‘ Zirconinm ...ccovveerneerverene Carborundum Co., 20.0 angular ® compatible
1 Nlagara Falls, N. Y. °
= °
- ' @ The zirconium evidently catalyzed the decomposmon of the hydragzine, which ignited shortly after
. m1x1ng. .. 0 . 2
- _ 2 «
. 2 - LI
Q
4
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The 0.03-micron tungsten- UDMH gel (Table 2) was prepared from
a small complementary sample; recently, a large enough sample was
obtained to permit a more thorough evaluation.

MICROSCOPIC EXAMINATION OF METAL POWDERS

Examination of the l-micron tungsten powder produced by the Wah
Chang Corp. and the 2-micron tungsten powder produced by Sylvania
Electric Products Inc. through a 1,000-power microscope showed the
= particles to be very irregular with many jagged corners. The 2.5:micron
lead powder produced by the Metalead Products Corp. appeared spherical
¢ and smooth under the same magnification. Electron photomicrographs
of the 0.03-micron tungsten produced by the Linde Co. Division of Union

Carbide Corp. showed the particles to be spherical..

8
& ®

METHODS‘ OF, GEL PREPAR_ATION = ¢ ¢

°
The aels llsted in Table 3 were prepared by slowly adding UPMH

to thge megal powders until a gel of desired consmtency was ob;ameﬁ

Stirrifig by®hand was sufficient for preparing homogeneous gezls %n sev-
S eral-hundred-gram quarftities. Prolonged mixing by hand or v1gorous )
nfechanifal shearifig (Waring Blendor) caused no notlceable change in
the physical properti®s of the gels. No noticeable exothermi®eeactions
occurred upon mixing the gelling attntsand clrrier lfqmds in the above-
mentioned quantities. These gels behavedeas thixotropes %nd flowed

°

quitg readlly wheni shaken or agitatede After standing, a very slight . ®

settling of the sus#pended materials ocgurred, which had o significant

**  effect on the rheolog1ca1 mroperties. . R s ]
® G P
° ® @ ® _ & 3
¢ _ TABLE 3 Composmogs oF HigH- DENSI’I‘Y GELS * o
® @ ®
~ ) The carnerhquxd was UDMH o ° *
. . O ® Py
. * 2® ®
. Gelling agent® I ®Particle size, Agent | Carrier liquid | Density
| I wt., % wt., ® @ | of gel L2
. JR —" i 9 *
. Tun@stén..ooorvevemrerereerrneee l 1.0 4 | ps0° ts.2» s2 ¢
. ° “Tungst®n ...oooovmmrenrerrecrnnnnns o 20 85.0 |, 15.0 e 40 ¢
Tungsten (sphencal)b ...... 0.03 P 45.0 55.0
Lead (spherical N 2.5 « 91.0 9.0 5.1
Iron (spherical)®,............. 2 3.0 ofs | ® 85 4.3 .
I
@Includes 0.3% S5i04. No obvious changes iff theological or physical prop&ues
were noticed after adding this material.® ® e °
v - bHave not beerifully evalvated. ~ o A v, °
o @ Y
. o @
VISCOMETRIC MEASUREMENTS AND APPARAT{S ¢ “
[ ]
The accurate measurement of flow properties 8f gels is necessary
for selectmg those suitable for use in liquid-propellant & engmes ° ¢
't ° PY ®
L]
. ® 2 ° ..
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PRESSURE GAGE (:0.01 PSIG)
. REGULATOR °
. NITROGEN SUPPLY, o®
. SOLENOIQ VALVE
. SWITCH FOR SIMULTANEOUS °
@ o é - 3 ) = ACTUATION OF SOLENOID VALVE ¢
> ] o AND TIMER
o ° ° 6. GEL RESERVOIR (STAINLESS STEEL) @ °
. = . o WITH PISTON o ©

7. capifLary Tuee (sTaINLEDS STEEL)
o ! * Vo . & 8. TIMER (20.001 SEC) Y

N s N~

@

° ® £ L ° &
. [ Py '
. . &
. . ° . FIG. 2e Caplllag 'I.’ube Viscorgeter. - . -

s ‘
© o e 'y

()

. ° *
b A capillary-tub® viscometer (Fig. 2), whigh is ratfler easily built
** %and®is @apable of prouiding relifible guantitative rReological data, was - ¢ ‘
> built to meagure flow propgrties ©f the gels. Capillary-tube viscome- ¢ °°

« ceters are oQviously to pe preferred,when the"datg are to be used fo@r pipe ¢
flow systems inh&rent in l_iquid.-propéllant engines. ®

) .
? Fhe essentiag] features of the viscometer are a meanss for the con- o
trol ang me'a.surs:ment of the pressure differerice acrossea capillary tubee ®
‘ * of kpown dimensiong tdgether with a enethod for dete%mining the rate of
. flow through the tube., , . e . s

The gel ré@servoir csinsisted of a stainless steel cylinder of approxi- .2
. mately 100-milliliter ‘capacity that was fitted at both ends with 1/4- to *
S l-inch flare ffitings. 4 ﬁin ess stgBl capillfary tube of known length .

4nd Bore Yiameter was igserted thfough a hole drflled in a 1/4-inch 4 ® *
flare cap and wa# silver-soldered in plate. When she cap Was screwed

. onto the lo%er 1/4-inch flare fitting, the capillary tube extended dp into S
the gel reservd®s. This eiminated any gel flow through ghe flare gitting,

o o whﬁch,:because o{ its irregular shape, cqQuld alter flow properties,

. Nitrogen from a high-ﬁre§sure cylinde:;‘was used.t?) force the gel - !
T e from the reservoir through the capillary, Regulagors and a large ballast L
tank were used to_control and rhafntain a constant pressure, and a thyee- °
way solenoid valve was used to ensuré rapid application and release of °
this- pressure. An electric timer coupled to the solenoid valve was used
® « “to measure accurately the time the'p;essurea‘was'%pplied"go the gel. The *® v *
‘rate of flow was measured by weighing a sample collected over a measured e e
time. = '

The viscometer was calibrated with Newtonian fluids.

N
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The fundamental equation (Poiseuille's Law) for flow through a ) »
capillary (Ref. 4) is ) »
' / Q = TrgAP!R4 . « ”
8LN
- i [ —
where B A
Q = flow rate, cm3/sec . - _
= R = ca'pillar) radius, cm B
-~ = L = capillary length, cm < 5
AP = pressure across capillary, dy'nes/crn2 2 =
N = fluid viscosity, pms(ge/ c & FS =
Althougﬁ apparent viscosity may be calculated directly from this
equation, the mean shear rate (D) and the shear stregs (S) are calcu- ° v
lated and the apparent viscosity is obtained from the ratio of S to D 4
because the apparent viscosity of non-Newtonian fluids is depgndent C
on theerate at which the gelds sheared. . 2
® ° ° S ' ° e °
& ® . No= =
° 'S :bD ° * 0 &
where “ S ;*&A_Pl
o. : ... ®
o o _.Q? L ,
s ° ®s ’ LI
Shear stress—shear xate cu.rves for several gels are shown in Fig. ag »

1. It may be observed that the measuirentents extend over a W1de range
oi shedr raves. The gels that were studied exhilfited shear thmnmg to
a,,degree that indicates they are suitable for expulslon through liquid-
prdpellant injectors. Apparent viscositiel at given flow rates for these
gel% are shgwn ingTable 1. °

®

a * ¢
JI‘hese gels all £xhihit a yield point (stress that must’be exceeded
before flow axill begjin) that is de S1ra.b1e in that, the gels will not flow

unde®* static copgditions. Yield pofﬁts for the gels were determmed by

the method of Agranat and Shirokov (Ref. 5), which utilizes a’cone im-
mersed under 1ts‘= own weight into the test gel to a depthsthat is deter-= s
minggd by the y1e1d p‘@mt of the gel, th& vertex angle of the cone, and

The depth of immersion must not be greater
than thé height of the cone.gFor a given gel this can be controlled by
varying the density of‘the cone or the angle of the vertex. =0

"

The yleldzpomt i5 calculated using the following formula:m =

3 6 = K(&/h?) - o -
where T -
® = yield point T
G = force by action of cone 1mmersmg
- h = immersion depth
K = constant depending on a . -
a = 1/2 vertical angle of the cone ~ ~
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Yiedd point yalues,are givey in Table 1 ' e .
% ® € &
aTHERMAL STABILITY vOF GELS . :
s Thermal stablhty tests were performed at both low and 'hlgh 'gem—

peratures on the.gels listed*in Table 1 to determme whether or not de-
composition, detonatidh, or various other cha.nges in gel structure might
L occur. S&mples of the gels sealed in glass ampule} for a 5-month period
exhibit®d no noticeable changes in physichl properties, and no pres sur
.izgtion of the ampu.les accurred as a result of decompositjon. Samples
storgd ot - 10‘:(‘, for a 2-month period showed no.noticeable change in
Appearancg or properties. :

High-temperature studies were performed by placingone 10-milli-
liter sample of each of the gtls in a thermal stability apparatus (Flg 4).
These gels were*subjected to a maximum temperature of 74°C for a
period®of several hours, as shown in Fig. 5. Any pressure rise that
might have occurred under isothermal conditions could be attributed
* eto decomp051t1on of the gelled propellant. No decomposition was evi-
"dent in the various gels, , . - i

N

. DETONATION SENSITIVITY OF GELS

Five l-milliliter samples of the gels listed in Table 3 were sub-
jected to the blast of M-36 detonators to see whether a detonation would
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THERMOCOUPLE

BURST DIAPHRAGM

‘e
QTEMPERATURE
L RECORDER
PRESSURE
® TRANSDUCER STAINLESS STEEL BOMB
e
¢ 1
@ !
& ATTENUATOR ALUMINUM
«DC PO:!ER SUPPLY HEATING BLOCK
@ ¢ ° 6 e %’/ - ™Y
°
°
L3 o )
. a
® oy o ©
. °
e °
o -] S
PRESSURE TEMPERA;URE
°
.y RECORDER. ] CONTROL
] L
HEATSNG BAND 1
—B s ° s
°
Y ° 1 . * b
° FIG. 4. Thermal Stability Apparatus.
» * L L 4
= ° ] -

otcur gr propagate. Eacgh gel sample was placed in a glass tube 1.2
centimeters in in%ide diameter and 7 centimetérs long, which Gva‘s, in
turn, placed in a standard haM-inch iron pipe 9 centimeters long. Pipe *
caps wenre screwed onto each egd of tHe pipe, with the detonatof lead%
wires protruding through a gmall hole in the top cab. The dgtonator was
placed at the su¥face of thé gel and then®detonated. Detonation of a pro-
pellant sariple is"evidenced by the fragmenptation’ofsthe half-inch pipe.
Very slight damage to the pipe indicated no detonatjon. This simple
qualita¥lve test is one method used at NOTS for screening ne propel-
lants or varipus JpropeHBant mixtures to see whether they are safe to ®e
use in engine testss °

o L °

° °0

. o [ o ° ] @

° o =

@
. : ° FUBURE WORK ¥
)

The rheological Z)rof;erties of various new high-density gels will be
determined, including 0°.03-r_nic‘i'on tungsten- UDMH gels. Work will also
be carried out on systems ®ntaining high-energy metal additives, such
as becron, aolugninum, aluminun#hydride, and®*magnesium.

Investigétionos will be conducted on the gelation of various oxidizers,
Efgorts *will be,directeéi toward minimizing or eliminating syneresis (gel
o - Y

* ) ' N
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shrinkage) and will be continued to determipe the effect of particle shape
and sigc of var_ious gellants on gelation. . ©° .

Plans are being made to use present and future gels in small-scale
static-engine tests (300-pound chamber pressure, 200-pound-thrust .
liguid-propellant test enginé). -

& 5 o
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