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Introduction

EL propellantsseem to be attractive for many applicationsdue

to their performance characteristics and operational capabil-
ities, which are similar to liquid propellants, as well as their high
density, increased combustion energy, and long-term storage capa-
bility. Moreover, gels provide safety over conventional liquids and
solid propellants.

Gel propellants are fuels and oxidizers whose rheological prop-
erties have been altered by the addition of gelling agents and metal
loading additives, such that they behave as time-dependent non-
Newtonian fluids. At rest, the viscosity of gel propellants is sig-
nificantly higher than the viscosity of liquids' by several orders of
magnitude.

One of the most important characteristics of gel propellants and
fuelsis that their viscosity is shear-rate dependent(non-Newtonian).
When considering this rheological behavior of the gel propellants,
by applying high shear rates during injection it is possible to reach
low viscosities and even liquidification near the injector exit. The
decreasein viscosity with increasingshearrate is referred to as shear
thinning. The viscosity of gels is also affected by the temperature
and by the mass fraction of metals in the gel mixture.

Another characteristic of gel propellants that has been reported
in various studies®~® is the thixotropic behavior, which means that
shear stress (and consequently viscosity) decreases with time un-
der constant shear rate and temperature. Thixotropy is rather like
pseudoplasticityin which the time required for the alignment of the
polymeric chains is not negligible, and the differenceis only a mat-
ter of degree.” Rapp and Zurawski’ received thixotropic loops for
aluminum-rocket propellant 1 gels; however, their measurements
have mainly qualitative value.

Inthe feeding processof the propellantthe gel fluid passes through
a pipe and finally is injected to the combustion chamber. The injec-
tors are small in both length and cross-sectionareasize and the fluid
stays there for a very limited time (fraction of 1 ms). The shear rates
developed in the injectors due to the sudden decrease in the cross-
section area are very large (=10* s~!) and the shear thinning effect
is dominating. The thixotropic effect should be considered in pipes
where the fluid flows through for a long time and the shear rates
are considerablylower (500-5000 s™1). Thus, the use of thixotropic
models for the rheological constitutive equations of gel propellants
is necessary for formulating the governing equations of the flow in
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uniform-cross-sectionpipes that connectthe fuel and oxidizer tanks
to the injectors. In these cases the diameter/length ratio of the pipe
might be an important design parameter.

The behavior of gel fuels, as characterized by Rahimi,} can be
viscoelastic or pseudoplastic. Organic gelled fuels are viscoelastic
and exhibitboth viscous and elastic behavior. Inorganic gelled fuels
have an insignificant elastic branch; they are mainly viscous and
their rheological character is similar to water gels.

In the present work an effort was made to investigate the signifi-
cance of the thixotropiceffectin inorganic gel fuels. The rheological
behavior of water gels that resemble inorganic gel fuels was char-
acterized experimentally,and the effect of thixotropy was evaluated
for pure viscous gels.

Theoretical Analysis

To estimate the thixotropiceffecton the effective viscosity result-
ing from continuous flow of gel in a uniform cross section pipe, the
mathematical model of Tiu and Boger® is used. The shear stress ©
as a function of the shear rate y is described by the three-parameter
Herschel-Bulkley constitutive model:

T =A% +k(7)"] (1
where 7 is the power-law index, k is the viscous constant,t is the
yield stress, and A is a structural parameter that is a function of time.
Before shearing, t =0, and A =1, and after complete breakdown
from shearing, t =00, an equilibrium value A = A, is obtained. The
decay of the structural parameter with time is assumed to obey a
second-orderkinetic equation for A > A,:
da

dr

—c(A =2 )
where c is therate constantand is a function of the shearrate. Solving
Eq. (2) considering the initial condition that at time ¢t =0, we have

A =1, yields

1= cht(h = 1)

1—ct(A, — 1) ®)

To find the rate constant ¢, parameters A and A, are expressedin
terms of the apparent viscosity 1, which in this specific case is a
function of both shear rate and time:

A=y [0+ k()] )

Combining Eq. (2) with differentiationof Eq. (4) with respect to
time at constant shear rate yields

d
= —atm-n)? )

dr

where

a= C)'//[TU + k(y)"] 6)

Integration of Eq. (5) at constant shear rate from n=1, att =0
to n=mnatt =t results in the relation

1/(n=mn.) =1/(n —n) + at M
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Functiona can be determined experimentally,and rate constantc
can be calculated from Eq. (6) based on knowledge of the Herschel-
Bulkley rheological parameters, 1, k, and 7. Thus, A can be evalu-
ated from Eq. (3) as a functionof time and the rate constantc, which
depends on the shear rate.

For power-law fluids, the shear rate at the wall is given by':

7w =[@3n + 1)/4n]- (4V/7R?) (8)

where V is the volumetric flow rate and R is the pipe radius.

To evaluate the upper limit of thixotropic effect in a pipe, the
shear-rate value near the wall, which is maximum, is considered
as the applied shear rate in the whole cross section. The apparent
viscosity is calculated from Eq. (4).
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Fig. 1 Viscosity vs shear rate for a water gel.
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Fig. 3 Stress decay curves for two different shear rates.

Experimental

The purpose of the experimentalinvestigationwas to characterize
the rheological behavior of water gels with various gellants. The
reason to choose this kind of gels was to eliminate the effect of
the elastic branch of viscoelasticity and concentrate on the pure
thixotropiceffects.

ATA Instruments CSL? ) Carri-Med rheometerwas employed for
the measurementof the rheological constants. Two gellant types, X
and Z at various contents, were used for the investigation. The same
gels were used in another study by the authors, and the rheological
power-law parameters of these water gels appear in Ref. 11.
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Fig. 4 Structural parameter at equilibrium.
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Fig. 5 Almost linear (experimental) behavior of (— 19)~! with time.
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Fig. 6 Power correlation of functions @ and ¢ with shear rate.
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Fig. 7 Prediction of the viscosity of water gel for a %-in. pipe with flow
rate of 50 cm>/s.

o
i
3

o

[Re]

s
s

o
™
1

0.15 4

Viscosity reduction, %

e
=
)

0.05

Pipe length, m

Fig. 8 Reduction in viscosity vs pipe length for a %-in. pipe with flow
rate of 50 cm>/s.

Creep tests were conducted to verify that the gels used behave
as ideal viscous materials. Shear stress vs shear rate tests provided
the flow curve shown in Fig. 1. The time-dependent thixotropic
behaviorof gel Z was received by applying an up and down ramp of
shearrate and is presentedin Fig. 2. The thixotropicloop (hysteresis
loop) has only qualitative significance. Stress decay curves indicate
the shear stress dependence on time for constant applied shear rate.
A series of tests was conducted for various shear rates between 2

and 5000 s™! to obtain stress decay curves. Figure 3 presents stress
decay curves for the extreme shearrates. The results were processed
to receive 4, and the dependence of 1/(n— 1) on time, shown in
Figs. 4 and 5, respectively. The functions a and ¢ are presented in
Fig. 6.

Example of the Thixotropic Effect

The time dependence of the viscosity of water gel Z in a %-in.
pipe for a volumetric flow rate of 50 cm®/s is presented in Fig. 7
under the aforementionedassumptions. It is rather obvious that vis-
cosity decreases with time due to the thixotropic effect; however,
the decreaseis very small. Considering a 5-m-length pipe, a reduc-
tion of 0.3% in the viscosity is received at the pipe end as shown in
Fig. 8.

Conclusions

The significance of the thixotropiceffectin inorganicgel fuels was
examined in the presentstudy. The thixotropicproperties evaluation
procedureis presented. The rheologicalparametersof water gels that
resemble these fuels were experimentally measured.

A theoretical analysis on the effect of the thixotropy reveals that
viscosity decreases insignificantly in typical pipe lengths in rocket
motors.
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