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Flow of Gel Fuels in Tapered Injectors

Shai Rahimi* and Benveniste Natan'
Technion—lIsrael Institute of Technology, 32000 Haifa, Israel

The governing equations of the steady flow of gel propellants and fuels in a tapered tube injector have been
formulated assuming a power-law rheological model. A parametric investigation was conducted to evaluate the
effect of the injector geometry and pressure gradient on the flow rate and the mean apparent viscosity of the gel
for various fuels and metal loadings. The theoretical results indicate that the flow rate increases significantly with
decreasing the power-law index and with increasing the pressure drop in the injector. The apparent viscosity is not
uniformin each cross section; it is maximalat the axisand reaches minimum at the wall. The mean apparent viscosity
of the gel exhibits a significant decrease with increasing the convergence angle of the injector. This implies that to
obtain better atomization of the gel, high convergence angles are required. A comparison between RP-1/Al gels with
various aluminum mass fractions was conducted. The results indicate the existence of an optimal metal loading.
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= diameter

invariants

viscous constant

length of pipe

power-law index

pressure

radius

cylindrical coordinates

= normalized radius, equal to 1/R,
= temperature

= time

fluid velocity

= volumetric flow rate

= normalized axial position, equal to z/ L
= wall inclination angle

= shearrate

= rate-of-strain tensor

= non-Newtonian viscosity
= mean apparent viscosity
decay structural parameter
= Newtonian viscosity
propellant density

= stress tensor deviator

= yield stress

11,2,3

~ =
[l

oS
I

R
N
S|

1l

<= v N
1l | 1l

*

~N
|

SUq TV E IR
Il

Subscripts

e =
i, j.k =
L =
w =

0 =

equilibrium value
indices

injector exit plane
wall

injector inlet plane

Introduction

EL propellants are fuels and oxidizers whose rheologi-
cal properties have been altered by the addition of gelling
agents and metal loading additives, such that they behave as time-
dependent non-Newtonian viscoelastic fluids. These propellants
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are advantageous because of either their safety and performance
benefits.

Gel propellantsprovide safety over conventionalliquids and solid
propellants and have been shown to meet most of the insensi-
tive munitions and minimum smoke criteria without performance
losses.! 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, make them attractive for many applications >3 especially for
volume-limited propulsion systems ¢

The addition of gelling agents can prevent agglomeration,aggre-
gation, and separation of the metal solid phase from the fuel during
storage by constructinga three-dimensionalmatrix by the intermix-
ing of their long polymeric chains. However, these gelling agents
can also cause the gel viscosity to increase, which makes the fuel
more difficult to atomize and reach high combustion efficiency in
the rocket engines >~

One of the most important characteristics of gel propellants and
fuels is that their viscosity is shear-rate dependent(non-Newtonian).
Considering this rtheological behavior of the gel propellants, by ap-
plying high shear rates during injection it is possible to reach low
viscosities and even liquidification near the injector exit.>:” The de-
crease in viscosity with increasing shear rate is referred to as shear
thinning, and the fluid is defined as shear thinning or pseudoplastic.
This effect can be quite dramatic, with the viscosity decreasing by
a factor®® of as much as 10° or 10*.

The viscosity of gels is significantly affected by the temperature
and by the mass fraction of metals in the gel mixture. Gupta et al.'’
measured the power and viscosity indices, # and k, respectively,of
UDMH-MC with aluminum and magnesium at various composi-
tions and temperatures. However, their results are presented such
that they cannot be used. Though power index n is valid, the pre-
sented viscosity index k is calculated on the basis of the Haake
viscometer dial reading (proportional to the shear stress) and the
viscometer revolutions per minute (proportional to the shear rate).
The real viscosity index has to be calculated from the actual shear
stress and rate (which are of course known to the authors of Ref. 10
but not reported). The result is that the real k is not just propor-
tional to the presented k, but also depends on the power index by
an unknown relation. This fact reduces significantly the value of
the reported experimental results not only quantitatively but also
qualitatively. Rapp and Zurawski® conducted a very thorough ex-
perimentalinvestigationon the rtheologicalpropertiesof RP-1/Al gel
fuels. According to their findings, these fuels exhibit shear thinning
behavior; however, they are unstable for aluminum mass fractions
below 45%. In general, for the same shear stress the viscosity de-
creased with decreasing the metal loading (also indicated by Gupta
etal.'” for UDMH propellants). The experimentalresults are mainly
qualitative, as also claimed by the authors.?



RAHIMI AND NATAN 459

To approximate the rheological behavior of gel propellant poly-
meric systems power-law (PL) rheological constitutive equations
(RCE) have been proposed in many studies.>”-1%!! The PL (or
Ostwald-deWaele) model is an empirical relationship'? that de-
scribes the shear-stress tensor as a function of the rate-of-strain
tensor. With the appropriate choice of material constants or func-
tions, these equations describe satisfactorily the experimental data
for some types of flows. However, experience shows that, under
certain conditions, the theoretical results are in significant quantita-
tive, even qualitative, disagreement with experiments The region
of non-Newtonian flow behaviorin which viscosity varies strongly
with shear stress and rate is limited by extreme values of viscosities
that are independent of the shear rate and stress.!* Injection of the
gel propellant through a tapered injector causes the shear rate to
increase and, consequently, results in a decrease in viscosity along
the axis of the injector.

The problem of laminar flow in cylindrical tubes was studied
by Bird et al.® Analytical solutions for steady flow of PL fluids
in cylindrical tubes with constant cross section were presented by
Skelland,'* Kozicki and Tiu,"” and Cheremisinoff.!® Ta-Jo!” and
Karagiannis et al.!® determined the pressure drop-flow rate rela-
tionship for PL fluids by the Galerkin finite element method, which
is applicable to ducts of any geometry.

The theory of the steady slow motion of a non-Newtonian
fluid through a slightly tapered tube was purposed by Syoten and
Tadayoshi.!” General analytical formulas for the shear stress, ve-
locity, and pressure gradient based on the assumption that the
semi-angle of the cone is small also were presented by Sutterby,”
Syoten,?! and Papanastasiou** Dijksman and Savenije?® used a spe-
cial toroidalcoordinatesystemto analyzethe flow of non-Newtonian
liquids through pipes.

Though the flow of non-Newtonian fluids has been thoroughly
studied, there are only a few papers published in the open literature
that deal with the injection process of gel propellants and fuels. The
atomizationof metallized gel slurry fuels for ramjet applicationshas
beenstudiedby Netzer’s group (see Ref. 4) at the Naval Postgraduate
School using commercial atomizers. Green et al.* provided a flow
visualizationof gel simulantsusing tripletand coaxial injectors. The
apparent viscosity of the fluid at the exit of the injector was calcu-
lated fora constantstrainrate. Chojnackiand Feikema®* investigated
the atomization of water gels using a like-on-like doublet injector.
In this work,?* the fluid injection system was transformed to a capil-
lary viscometer to measure the viscosity of the non-Newtonian gel.
However, in all studies, the atomizers used were standard and not
designed for non-Newtonian flow. A more detailed analysis of the
flow of gel propellantsand fuels for various injector geometries can
be a rather useful tool for the prediction of the apparent viscosity
and, consequently, for the atomization.

The formulation of the governing equations for the unsteady, in-
compressible, isothermal, and laminar non-Newtonian gel propel-
lant flow through a tapered tube by using the PL model for the gel
propellant RCEs is one aspect of the present work. For further anal-
ysis of the flow behavior of several gel fuels, a steady motion and a
small semi-angleof the cone is assumed. A parametric investigation
was conducted to evaluate the effect of the injector geometry and
pressure gradient on the flow rate and the mean apparent viscosity
of the gel at the injector exit plane, for various fuel types and metal
loadings.

The values of the rheological properties of the gels used in the
present study were measured experimentally and also taken from
literature.

Theoretical Model

Rheological Constitutive Equations

A rheological equation relates stress or deformation to flow vari-
ables of materials such as strain, shear rate, and time. The time-
independent PL empirical model*"-!%!! describes satisfactorily the
rheological behavior of gel propellants. The equation is expressed
by12

5 =ny )

where 7 is the non-Newtonianviscosity (apparent viscosity) defined
by

n=klyl"™! @

Because the non-Newtonian viscocity, which is a scalar, depends
on the rate-of-strain tensor, it must depend only on those particular
combinations of components of the tensor that are independent of
the coordinate system.® Three independent combinations may be

selected,
I = Z Vij (3)

I =Zzyij7ji 4)
J

L = Z Z Z 7ij7jk7ki (5)
ik

For an incompressible fluid 7; =2(V - u) =0. The value of in-
variant I3 vanishes for shearing flows in simple geometries such as
an axisymmetric tube.®2° Hence, 7 is taken to be dependent on the
shear rate y, which is a function of invariant I; only, and is given
by

y:\/%zz7ij7ji=\/%(§’:]) ©)
i J

The PL RCE is given by

(n=1)/2 |

T =—k[3(7:7)] 7

For 0 < n < 1, the fluid is pseudoplastic (possessing shear thin-
ning), whereasforn > 1,itis dilatant(possessingshearthickening).
Inthecaseofn = 1,Eq.(7)describesa Newtonianviscous fluid with
constant viscosity k = u. Shear thinning fluids, described by a PL
model lead to increasingly nonlinear equations as 7 is decreased.'®

Assumptions

For the flow analysis the following assumptions are made.

1) The flow is incompressible,laminar, and isothermal with axial
symmetry, and no body forces act on the fluid.

2) The gel propellant RCE obeys the PL. model.

3) All losses in the injector are ignored.

In a later stage two additional assumptions are made to simplify
the problem and to analyze the flow behavior of several gel fuels.

4) The motion is steady.

5) The semi-angle of the cone is small.

Flow Geometry and Boundary Conditions
The geometriesshownin Fig. 1 are considered:Fig. 1aconverging
tube and Fig. 1b tube with constant cross section. The coordinate
system is defined along the r, 0, and z axes. The radius changes
gradually from R, to R; over the distance L. The wall-line equation
is given by
R, — Ry

RZ=RU+—L 4 ®

The overall pressure drop is (Py — P.) = AP.

Governing Equations

On the basis of the assumptions 1-3, the equations of continuity
and momentum conservationbecome

)
a—’t’+V-(pu>=o ©)

p<aa—’t‘+ (u-v)u> =-V.1 - VP (10)
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Fig. 1 Injector geometry: a)tapered and b) constant cross section area.
The rate-of-straintensor is given by

7 =Vau+ V' (11)

From the axial symmetry of the fluid motion, it can be seen that

ug =0, that 9/00 = 0, and that u, and u, are functions of r and z
alone. In this case the rate-of-strain tensor reduces to

zau, ou, ou,
or u 0z or
y = 0 22 0 (12)
= r
ou,  ou, ou,
+ — 2—
0z or 0z

Substituting Eq. (12) into Eq. (7) provides the expressions for the
relevant components of the stress tensor ©

ou,
5, = —2ky" - (%) (13)
r

ou ou,
Tr”:‘[w:—k'"_l' — + = 14
=T 4 (az ar> (14)

ou,
. = —2k7‘/”“<—au“> (15)
Z

Substituting Eq. (12) into Eq. (6) provides the expression for the
shearrate y

y=|2||—) +|—) +|— +|—+ =
or r 0z 0z or
(16)

Under the assumption of steady-state motion, all 9/ ¢ become
zero. Assuming a small cone semi-angle u,, ou,/0z and ou,/or
also become zero. To satisfy continuity, ou./ 0z = 0, too. If the flow
accelerates, the axial velocity gradient with z is not zero; however,
it is of the order of magnitude of O(a) compared to the gradient of
u. in the radial direction [~ O(1)]. Thus, the equation of momentum
conservation described by Eq. (10) is reduced to a single equation
for the axial direction,

1o

—t e —(r5.) =0 (17)
r or

In this case, Eq. (14) becomes 7,, = —ky"~ ! (du./or). Substi-

tution of Eq. (14) into Eq. (17) and integrationwithin a cross section,
considering that the velocity gradientis zero at the axis, yields

ou.\" rdP
—kl == _—— 1
( or ) 2 dz (18)

Second integration within a cross section, considering no-slip
conditions at the wall (r =R, u, =0), gives

1/n (n+1)/n
u o= . _LE LR/ I
T+l 2k dz z Ry

(19)

The volumetric flow rate is defined as
R(z)
V =2r / ru.dr 20)
0

Substitution of Eq. (19) into Eq. (20) and integration yields

I/n
V= n_. - _i E . ROn+ DI @1
3n + 1 2k J\ dz ‘

Assuming that the volumetric flow rate is constant due to the
incompressibilityof the fluid, the pressure profile can be determined
from Eq. (21),

P(z) = P, — 2k- L .[V(3” + 1)} (R = Ry™)

3n-(Ry— R,) Ten 0
(22)

Substituting the boundary condition P(z = L) = P, into Eq. (22),
the volumetric flow rate is described by

1/n
Ten 3n-(Py— Pr)-(Ry—Ry)
— . 23

Bn+1) |: 2% - L - (RL—3n _ R0—3n) :| (23)

Pressure Distribution

Substitution of Eq. (23) into Eq. (22) yields the pressure profile
under fixed inlet and outlet pressures Py and P, as follows:

—3n —3n
R - Ry

P(z) =Py —(Py— P) ———
@ =P (0= 2oty

(24)

The pressure decreases with increasing z, linearly for & = 0 and
parabolicallyfora > 0and 0 < n <1.

Velocity Distribution
Expressingd P/dz from Eq. (24) and substituting it into Eq. (19)
yields

_ 3n-(Py— Pr)-(Ry— Ry)

1/n
uz_|: 2k'L'(RL_3n_R0_3n) :|

(n+1)/n
n 1 r
X r— 1= = (25)
n+1 R R,

The velocity gradients ou ./ or and du,/ 0z are, respectively,given
by

1/n
ou.  [3n-(P = P)-(Ry— Ry r A\
Sus _ _ —=] @
or 2k - L - (RL—3n _ R0—3n) R, \R;

1/n
ou, | 3n-(Py—P)-(Ry—R,) noo1
oz 2%k-L- (R = R;™)

(n+1)/n
+1 Ry— R
X |:2 _ 3n . (L) :| L0 L @7
n R, L

| -
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It canbe clearly seen from Eqs. (26) and (27) that the previousas-
sumption of (du./dz)/(du,/or) =O(a), where a =(Ry — R;)/ L,
is quite justified everywhere, except near the axis where ou,/or
vanishes.

Definition of the Mean Apparent Viscosity

The apparentviscosity describedby Eq. (2) is not uniformin each
cross section. This means that the fluid properties vary with radius
and that momentum is not transferred equally at the axis and at the
wall. To evaluate the effect of the convergence of the injector on the
viscosity, the mean apparent viscosity at the injector exit plane is

defined as
1
AL =2k / (’)y"-‘ d<r> (28)
r] el - — —
' 0 RL z=L RL

To consider the effect of the velocity gradient ou,/0z near the
axis, Eq. (15) is reduced to

s = |n ou, : + ou, : (29)
R NFT: or
Substituting Eq. (29) into Eq. (28) yields
1 2 2
r ou, ou,
o \R¢e 0z . or oL

Substitutionof Egs. (26) and (27) into Eq. (30) and simple numer-
ical integrationprovide the value of the mean apparent viscosity 7, .

(n—=1)/2

()

(30)

Evaluation of the Rheological Properties

As mentioned in the Introduction,an effort was made to evaluate
the effect of the injector geometry and pressure gradient on the flow
rate and the mean apparent viscosity of the gel at the injector exit
plane, for various fuel types and metal loadings. To demonstrate
these effects, the rheological properties of various gels were mea-
sured experimentallyand also taken from the literature 3> Reference
3 providesthe PL for water gel and for RP-1/Al gel. It is mentioned
that the RP-1/Al gel contained 55% aluminum with no reference to
the aluminum particle sizes in the mixture. Reference 5 provides
experimental results for the viscosity of RP-1/Al gels with 5- and
16-pm aluminum particles measured by a Haake viscometer. The
data is limited to viscosity measurements at three strain rates at the
low strain rate range. Insufficient information was provided for the
5-pm particles, thus no PL can be reduced. As regards the 16-um
particles, the PLs that can be extracted describe the behavior of the
gel viscosity qualitativelyrather than quantitatively.In any case, the
accuracy of the experimentalresults of Refs. 3 and 5 is not reported.
The power and viscosity indices from Refs. 3 and 5 are shown in
Table 1.

Table 1 PL data of various gels

Gel type k, mPa - s" n
Water gel® 16,750 0.4056
RP-1/Al gel® 13,480 0.4728
RP-1/A145% Al° 271.0 0.881
RP-1/A1 50% Al° 1,098.7 0.706
RP-1/A1 55% AI° 937.9 0.689
RP-1/A1 60% Al 964.3 0.747
Water gel, 0.3% X°© 13,960 0.3797
Water gel, 0.5% X°© 22,880 0.3632
Water gel, 0.75% X*© 30,610 0.3567
Water gel, 1% Z°¢ 17,840 0.4468

“From Ref. 3.
bCalculated from the results of Ref. 5.
€Obtained experimentally in present research.

Experimental Characterization of Water Gels

The purpose of the experimental investigation was to charac-
terize the rheological behavior of water gels with various gellants
(X and Z). A TA CSL%00 Carri-Med rheometer was employed for
the measurement of the rheological constants. The rheological PL
indices of the water gels with X and Z are shown in Table 1. The
accuracy of the experimental results was £2%.

Results and Discussion

The geometry of a converginginjector was selected for the para-
metric investigation.The convergenceangle o varied from 0 to 8 deg
for pressure drops from 1 to 9 bar. The injector length L chosen was
8 mm, and the injector exit radius R; varied from 0.2 to 0.4 mm.

The velocity profiles for RP-1/Al gel in a 2-deg angle, 0.4-mm
exit radius, converging injector for a 2-bar pressure drop are pre-
sented in Fig. 2. As expected, the flow accelerates as the gel moves
downstream, and higher velocities are obtained.

The pressure drop is shown in Fig. 3a, and it is almost linear
for the 2-deg angle. Increasing the convergence angle to 8 deg

— N “w
2 L L

NON-DIMENSIONAL VELOCITY

<

0 02 0.4 0.6 0.8
RADIUS, r, mm

Fig. 2 Velocity profiles for RP-1/Al gel, z* = z/L,L = 8 mm, R, =
0.4mm, o =2 deg,and AP = 2 bar.
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Fig. 3 Pressure distribution along the injector axis, for RP-1/Al gel
and water gel, L = 8 mm.
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APPARENT VISCOSITY, cp

AXIAL DISTANCE, z, mm
a) RP-1/Al gel
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Fig. 4 Apparent viscosity distribution along the axis, r* = r/R(z), L = 8 mm, R;, = 0.4 mm, « = 2 deg and AP = 6 bar.
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for the preceding geometries) vs pressure drop

Fig. 5 Geometry effect, RP-1/Al gel, L = 8 mm.

results in a more parabolic profile, as shown in Fig. 3b. For both
cases it is shown that the pressure gradient is not constant along
the axis but increases with decrease in the radius of the tapered
tube.

The apparent viscosity distribution for a 6-bar pressure drop is
presented in Figs. 4a and 4b for RP-1/Al gel and water gel, re-
spectively. The behavior of the viscosity is the same for both gels;
however, the viscosity values for RP-1/Al gel are much larger. The
viscosity is maximum at the axis and reaches minimum at the wall.
This phenomenon is natural because the velocity gradient ou/ or is
zero at the axis and is maximum at the wall. In general, the viscosity
decreases as the gel moves downstream.

The effect of the convergence angle of the injector on the mean
apparent viscosity at the injector exit is shown in Fig. 5a for the
whole range of the pressure drop. Three angles are presented: 2,
5, and 8 deg. The injector exit diameters were calculated to give
approximately the same flow rate for all three angles. The flow
rate is shown in Fig. 5b as a function of pressure drop. In general,
Eq. (22) indicates that the flow rate increases with decreasing the
power index of the PL.

The flow rate also increases with increasing the pressure drop,
and the increaseis rather sharp for large values of A P. However, for
pressure drops higher than 5 bar, the decrease of the mean apparent
viscosity is small. From Fig. 5a it can be concluded that the mean
apparent viscosity can be reduced significantly by increasing the
convergenceangle. For a pressure drop of 4 bar, the mean apparent
viscosity at the exit of a straight injector is reduced by an order of
magnitude when an 8-deg convergence-angleinjector is used. This
is very important and implies that, to obtain better atomization of
the gel, high convergence angles are required.

140 4

120 4

100 4

APPARENT VISCOSITY, cp
8 & 8 8

z*=0
z*=1/3
S £
0 T T T 1
0 0.2 04 0.6 0.8
RADIUS, r, mm

Fig. 6 Apparent viscosity distribution for RP-1/Al gel at various axial
locations, L = 8 mm, R;, = 0.4 mm, and o = 2 deg.

The calculation was limited to small convergence angles up to
8 deg. Bigger convergence angles gave unrealistically high flow
rates. This is due to the limitation of the analytical solution of the
theoretical model and not because of physical reasons.

Figure 6 shows the apparent viscosity distributionat various axial
locations of a 2-deg convergence-angleinjector for the RP-1/Al gel
from Ref. 3. As mentioned earlier, the viscosity reaches its maxi-
mum value at the axis and reduces as the gel moves downstream. A
comparison between the RP-1/Al gels with various aluminum mass
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Fig. 8 Geometry effect, RP-1/Al gel 45% Al, L = 8 mm.

fractions is shown in Figs. 7a-7d. Each gel (45, 50, 55, and 60%
aluminum) is presented in a different column, and the flow direc-
tion is from top to bottom. Note that the viscosity decreases as the
aluminum mass fraction increases from 45 to 55%; however, for
the 60% aluminum the viscosity increases. This behavior is proba-
bly due to the change in the binding forces between the gel matrix
and the aluminum particles. The phenomenon is rather complex,
and further analysis is required. Although these results have a little
quantitative significance, they indicate the existence of an optimal
metal loading.

The effect of the convergenceangle for the RP-1/Al gels is shown
in Figs. 8a and 8b for the 45% aluminum mass fraction. The effect
of the metal loading for a convergence angle of 5 deg is shown in
Figs. 9a and 9b.

The flowfield was also solved for the three water gels type X
with various gellant fractions, as shown in Fig. 10. In this case
also, viscosity reduces significantly with axial distance. The effect
becomes more dramatic as the gellant percentage increases. This is
expectable because the fluid behavior becomes more Newtonian as
the gellant fraction decreases.
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Fig. 9 Metal loading effect, RP-1/Al gel with various aluminum mass fractions, L = 8 mm, R; = 0.3 mm, o = 5 deg.
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Fig. 10 Mean apparent viscosity along the axis for type X water gels,
L=8mm,R; =0.4mm, o =2deg,and AP =2 bar.

Conclusions

The governingequations of the steady flow of gel propellantsand
fuels in a tapered tube injector have been formulated assuming a PL
rheological model.

A parametric investigation was conducted to evaluate the effect
of the injector geometry and pressure gradient on the flow rate and
the mean apparent viscosity of the gel for various fuels and metal
loadings.

The theoreticalresultsindicate that the flow rate increases signifi-
cantly with decreasingthe PL index and with increasingthe pressure
drop in the injector. In the tapered injector, the apparent viscosity
is not uniform in each cross section; it is maximal at the axis and
reaches minimum at the wall.

The mean apparent viscosity of the gel exhibits a significant de-
crease with increasing the convergence angle of the injector. This
implies that, to obtain better atomization of the gel, high conver-
gence angles are required.

A comparisonbetween RP-1/Al gels with variousaluminum mass
fractions was conducted. The results indicate the existence of an
optimal metal loading.

Water gels exhibit the same flow behavior, and the effectbecomes
more significant as the gellant percentage increases.
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