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Abstract: Gelled fuels combine the main advantages of liquid fuels (throttle ability) and solid fuels
(easy handling, etc.) due to their non-Newtonian characteristics. In this paper, we study the flow
characteristics of water-hydroxypropylcellulose (HPC) gel in converging tubes and tapered injectors
which mimic the flow and injection of kerosene gel in typical geometries of propulsion systems.
The water-HPC gel is modeled as a non-linear fluid, where the shear viscosity is assumed to depend on
the local shear rate and modeled by the Carreau–Yasuda model; the model parameters are fitted with
our experimental measurements done by a rotational rheometer. The numerical simulations indicate
that for the converging tubes, increasing the convergence angle, causes the mean apparent viscosity
at tube exit to decrease while the mass flow rate reduces at a constant pressure drop. Therefore,
there is a balance between the lowering of the pressure loss and reducing mean apparent viscosity.
In the tapered injectors, the straight pipe after the converging part has a detrimental effect on the
viscosity reduction.

Keywords: gel; non-Newtonian fluid; Carreau-Yasuda model; mean apparent viscosity; pressure
loss; propulsion

1. Introduction

Gels are complex materials showing both solid-like and liquid-like behavior [1,2]. From the
perspective of fluid mechanics, gels are non-Newtonian fluids, which usually show yield stress,
a shear-thinning viscosity and thixotropy [2]. Gel propellants are made of liquid fuels with addition of
certain gelling agents, resulting in significant changes in the rheological properties of the fuels [2–6].
Therefore, gel propellants have the advantages of liquid propellants (throttle ability) and solid
propellants (easy handling, etc.) [7–11]. However, the addition of gellant increases the viscosity of
the gel, which increases the frictional losses and cause difficulty in the flow of the fuel, reducing
atomization and lowering the efficiency of combustion [12–14]. Therefore, understanding and
describing (modeling) the rheological properties of the gel propellant is a prerequisite for achieving
high efficiency of combustion.

The shear-thinning (the decreasing of the shear viscosity with an increase in shear rate) is a
rheological property occurring in various fluids, such as gels, mud, butter, blood and so on [15–17].
For this property, the main effort is to increase the shear rate in the processing so that we can reduce
the viscosity [17]. Viscosity reduction can improve the delivery efficiency, reduce the pressure loss,
and achieve a better atomization as a result [4,18]. There are many mathematical models to describe
the shear- thinning aspect of the fluids and the most typical ones are the power-law models and the
Carreau type models [19–21]. Using the standard power-law model, Natan et al. [22–24] numerically
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studied the flow of gel in straight and converging pipes. The distribution and variation of the velocity,
the viscosity and the pressure drop in different pipelines were obtained. Heister et al. [25] described
the constitutive relationship of water-HPC gel using the Carreau-Yasuda model; they found that
the viscosity at outlet decreases with the increase in the length-diameter ratio and the convergence
angle of injector. Low viscosity is favored in atomization processes, but a low flow coefficient is
disadvantageous because it requires a higher input (supply) pressure to meet the desired mass flow
rate. Using a pseudo-spectral numerical method, Beg et al. [26] studied the heat transfer and the steady,
laminar flow of an incompressible non-Newtonian gel propellant in a cylindrical conduit, where the
gel was modeled as a third grade Rivlin-Ericksen fluid. The effects of dimensionless parameters,
viscoelastic parameter, Frank-Kamenetskii parameter, Biot number et al., were investigated. Chernov
and Natan [27] analyzed the effect of particles on the viscosity of a power-law gel; they found that with
the addition of particles the fluid becomes more shear-thinning, which is advantageous for propulsion
applications. Yoon et al. [28] developed a new thixotropic model to consider the hysteresis effect
for flow of gelled fluid. Using their proposed model, flow in a plain orifice was simulated, where
hydrodynamic instability was observed.

To determine the model parameters, Natan et al. [24] employed a TA CSL2100 Carri-Med rheometer
to measure the rheological properties of hydrogels; there were able to fit the experimental data into a
power-law model. When using the Carreau-Yasuda model, the lower-bound viscosity (η∞) cannot be
identified easily, because it cannot be directly measured in experiments. Kampen et al. [29] measured
the viscosity of paraffin gel using rotational rheometer and capillary rheometer and they believed if a
very high shear rate is applied, the paraffin-gel liquefies and its viscosity approximately reaches the
lower-bound viscosity (η∞) which is the viscosity of the liquid paraffin. Yoon et al. used a different
criterion to determine the value of η∞ [18,25]. In their work, the viscosity at 106 1/s was assumed as a
high-shear-rate Newtonian plateau for water-HPC gel and the viscosity of Newtonian liquid (water)
was used as the η∞ [18,25]. For different gellant contents, sometimes the η∞ is assumed to be 10 or
100 times that of the base fluid (MMH) viscosity [30].

In this study, we numerically study the flow characteristics of a non-Newtonian gel in two
benchmark problems, which are typical fuel-delivery geometries in gel-propellent propulsion systems.
Water-HPC gel is used for mimicking the kerosene gel. The viscosity of the water-HPC gel is
measured by a rotational rheometer to determine the values of the rheological parameters to be used
in our mathematical modal. In Section 2, we discuss our mathematical approach, by presenting the
governing and constitutive relations. The dimensionless forms of the equations are also presented here.
In Section 3, we provide a summary of the experimental setup. In Section 4, we present the geometry
of the two problems and then a brief discussion of the numerical methods to solve the equations.
In Section 5, we present the results.

2. Methods

2.1. Mathematical Model

We consider the fluid as non-linear fluid, where the material properties (in this case the shear
viscosity) are function of the shear rate. If the effects of chemical reactions are ignored, and in a purely
mechanical system (isothermal conditions), the governing equations for a single-phase nonlinear are
the conservation equations for mass and linear momentum as detailed below [31,32]. Furthermore,
we neglect the temperature effects and we assume that the flow is laminar.

2.1.1. Governing Equations

Conservation of mass:
The conservation of mass reads:

∂ρ

∂t
+ div(ρv) = 0 (1)
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where ρ is the density of the gel; ∂/∂t is the partial derivative with respect to time; and v is the velocity
vector. For an incompressible fluid [33], Equation (1) is simplified to:

div v = 0 (2)

Conservation of momentum:
The conservation of linear momentum is [31]:

ρ
dv
dt

= divT + b (3)

where T is the Cauchy stress tensor, d/dt is the total time derivative given by d(.) / dt = ∂(.) /∂t +
[grad(.)]v, b is the body force (ignored in this paper). The conservation of angular momentum indicates
that in the absence of couple stresses the stress tensor is symmetric, i.e., T = TT.

2.1.2. Constitutive Equation for the Stress Tensor

Flow of non-Newtonian fluids occurs not only in nature, such as mud flow, avalanches, blood,
etc., but also in many industrial applications such as polymers, slurries, suspension of various kinds,
etc. (see Massoudi [34]). These fluids, generally, exhibit peculiar phenomena such as yield stress,
thixotropy, dilatancy, normal stress effects, relaxation/creep effects, viscoelastic, memory effects, etc.
In certain applications, a fluid may exhibit one or more of the above-mentioned phenomena, while
in other applications, the same fluid may show other effects. An example of such unusual behavior
is blood which behaves nearly as a Newtonian fluid in large vessels, while it exhibits viscoelastic
and shear-thinning effects in smaller vessels [35]. One of the earliest non-Newtonian fluids which
received special attention was the thixotropic gels. According to Houwin ([36], p. 35), Ostwasld,
as early as 1928, had provided the following definition:

“Under the term gels may be understood fluid-containing systems of various compositions (fluid-fluid,
solid -fluid, fluid-solid), and various but usually colloidal, degrees of dispersion. The gels, which are
formed from a fluid, are distinguished purely superficially by a change in the mechanics properties of
the original system, namely by a transition into a state which has much in common with the solid
state of aggregation: high viscosity, elasticity, proportional limit and yield stress.”

In another early work, Herman ([37] p. 61) in an important chapter, provided a thorough review
of the many relevant issues in modeling and characterizing of gel-like materials. From the above
considerations, in this paper, we will focus our attention of the dependence of the viscosity of the
gel-like materials on the shear-rate. We assume that the stress tensor of the fluid (water-HPC gel),
is given by a non-Newtonian model where:

T = −pI + 2ηD (4)

Here η is the shear viscosity of the gel (which depends on the shear rate), I is the identity tensor,
p is the pressure and D is the symmetric part of the velocity gradient. According to the literature [22,38]
the gel can usually be modeled as a power-law fluid or as a Carreau-type fluid. For the power-law
fluid [38], the shear viscosity is expressed as:

η
( .
γ
)
= ηr

.
γ

n−1 (5)

where
.
γ is the shear rate (which is

.
γ =

√

2trD2), where tr designates the trace of a tensor, ηr is the
reference viscosity, and n is a material parameter indicating the intensity of the shear-rate dependency;
when n < 1, the fluid is shear-thinning, when n > 1 the fluid is shear-thickening, and when n = 1 the
fluid behaves as a Newtonian fluid. However, in the power-law model, when the shear rate tends
to zero, the viscosity tends to infinity, which is physically not possible; therefore, there needs to be
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some upper bound for these models to be useful in simulations. As a result, other types of power-law
model have been developed. One such example is the Carreau-Yasuda fluid [38], where the shear
viscosity is given by:

η
( .
γ
)
= η∞ + (η0 − η∞)

[
1 +

( .
γλ

)a] n−1
a (6)

where η0 and η∞ are the viscosity when the shear rate approaches zero or infinity, respectively, and λ,
a, and n are the model parameters which need to be determined. In Section 3, the model parameters
will be measured and fitted with the above two equations.

Note that in our formulation in this paper, we have ignored the impact of the volume concentration
of the HPC gel. That is, we have assumed that the suspension composed of water and the HPC gel,
can be modeled as a single component non-linear fluid. This is not the only approach which can be used
in modeling suspensions or non-homogeneous fluids (see Massoudi and Vaidya [39], Wu et al. [16,40]).
The non-homogeneous method or the two-fluid approach provide additional information, such as
the volume fraction distribution, while they also require more computational time/cost where the
constitutive modelling is more complicated.

2.1.3. Expanded form of the Governing Equations

Using Equations (4) and (6) in Equation (3), we obtain a set of partial differential equations (PDEs)
which need to be solved numerically. To obtain numerical solutions to these equations, we build our
PDEs solver using the libraries provided by OpenFOAM [41]. The dimensionless form of these PDEs
are given below:

div∗V = 0 (7)

ρ

(
∂V
∂τ

+ (grad∗ V)V
)
= −grad∗ P +

1
Re

div∗
η

( .
γ
)

ηr
D∗

 (8)

where we have used the following non-dimensional parameters:

Y =
y

Hr
; X =

x
Hr

; Z =
z

Hr
; V =

v
v0

; τ =
tu0

Hr
; P =

p

ρu2
0

; Re =
ρu0

ηr

div∗(·) = Hrdiv(·); grad∗(·) = Hrgrad(·); D∗ =
1
2

[
grad∗V + (grad∗V)T

]
;

where Hr is a reference length, v0 is a reference velocity, ηr is the reference viscosity and Re is the
Reynolds number defined using reference velocity and viscosity. In the next Section, we will discuss
the experimental arrangement.

3. Experimental Setup

Considering the safety of the experiments, we use water-HPC gel to mimic the kerosene gel.
For preparing the water-HPC gel, we first add 1.5 wt% of HPC to water, and then stir and fully disperse
the HPC with a high-speed homogenizer to form the gel. Figure 1 shows the sample of water-HPC gel.
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rheometer can provide a maximum shear rate of 2000 s−1. 50 points of certain shear rates ranging from 
0.75 s−1 to 1500 s−1 are selected to measure the viscosity. The measurement for each point is sustained 
for 1 minute, ensuring the viscosity of water-HPC gel does not vary with the shear time at the same 
shear rate. For reducing the accidental error, we repeated the experiments for six times and the 
averaged data is used to determine the parameters of the viscosity model, see the data points of 5 
different tests and the averaged case in Figure 2. The relative standard deviation of measured values 

Figure 1. Sample of Water-HPC gel containing 1.5 wt% HPC and 98.5 wt% water.

The viscosity of the gel is measured using a rotational rheometer. A water bath ensures that the
sample remains at a constant temperature (25 ◦C) during the measurement. The cone-plate rotational
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rheometer can provide a maximum shear rate of 2000 s−1. 50 points of certain shear rates ranging
from 0.75 s−1 to 1500 s−1 are selected to measure the viscosity. The measurement for each point is
sustained for 1 min, ensuring the viscosity of water-HPC gel does not vary with the shear time at
the same shear rate. For reducing the accidental error, we repeated the experiments for six times and
the averaged data is used to determine the parameters of the viscosity model, see the data points of
5 different tests and the averaged case in Figure 2. The relative standard deviation of measured values
at each shear rate is < 5.15%. Furthermore, similar to [29], η∞ is assumed to be equal to the viscosity of
water which is not gelatinized, which compensates for the deficiency that the viscosities are measured
by a rotational rheometer in low shear rate.
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Figure 2. Viscosity measurement of water-HPC gel.

For the power-law model, given in Equation (5), the values of the best-fitting parameters are
µr = 4.92868, n = 0.63721, and the viscosity prediction by Equation (5) is indicated by the red dash
curve in Figure 2. The black curve in Figure 2 is the best fitting of the Carreau-Yasuda model, where
the values of the model parameters are listed in Table 1. The power-law model is presented by a
straight line in the log of the viscosity vs. log of the shear rate diagram. The deviation between the
experimental data and the equation is large at low shear rates, while the Carreau-Yasuda model has a
better fitting accuracy. The adjusted R-squared (a modified version of R-squared that has been adjusted
for the number of predictors in the equation) reaches 0.99996. Therefore, in this study, we use the
Carreau-Yasuda model.

Table 1. Fluid type and the corresponding C-Y parameters.

Fluid Type (Weight-Based)
The Carreau-Yasuda Parameters

η0, Pa·s η∞, mPa·s a λ n

Water + 1.5%HPC 5.882 0.895 0.692 0.149 0.267

4. Problem Description

We consider the laminar flow of water-HPC gel in two different 3D geometries. Figure 3 shows the
cross-sectional schematics of these two flows, namely, the converging tube and the tapered injectors,
which are typical transport tubes and injectors in real propellent system using gel fuel [18]. The outlet
radius (Ro) of the converging tube is kept at a constant value of 0.4 mm, and the length of the tube is
kept at L = 20Ro. For the trapped injectors, the radius of the front tube is chosen as Ri = 3.5 mm and
the front straight tube is long enough for to ensure a fully developed flow before the converging tube.
It should be noticed that the geometries to be studied have been investigated using Newtonian fluid
previously. However, the numerical results of the non-Newtonian fluid can reveal more information,
such as distribution of gel viscosity, which is a critical parameter for the design of transport tubes and
injectors for propellent systems, see Appendix A for more information.
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Figure 3. Geometries of (a) the converging tube and (b) the tapered injectors. Ri and Ro are radii of the
inlet and the outlet cross-section, respectively. α and L are the convergence angle and the length of
converging part, and Z is the length of the straight pipe after converging part.

In this paper, the criterion for a fully developed flow is that the gradient of the magnitude of the
dimensionless velocity along the axial direction is less than 1e−3/m. The diameter of the straight part
after the converging part is Ro = 0.1Ri and the length is Z = 2Ri. The geometric parameters used in
the simulations are shown in Table 2.

Table 2. Various geometric parameters for the converging tube and the tapered injectors.

Geometries Converging Tube Tapered Injector

Convergence angle (α, ◦) 2, 5, 8 20, 30, 40, 50, 60

The boundary conditions are provided in Table 3. We use a constant pressure drop condition
in the simulations of the converging tube and a constant velocity condition in the simulations of the
tapered injectors. In addition, to gain a better understanding of the effects of the geometry and the
flow conditions, we define the average apparent viscosity (integrated across the cross section) as [22]:

η =
1

R2

∫
2ηrdr (9)

The grid convergence tests are carried out in order to determine the appropriate meshes to use.
Here we only show the results of the converging tube with convergence angle of 2◦, as shown in Table 4.
As a result, grid A is chosen for further studies.

Table 3. Boundary conditions used in the numerical simulations.

Boundary Type Converging Tube

Pressure Velocity
Wall Zero gradient Fixed value (0)
Inlet Fixed value Zero gradient

Outlet Fixed value Zero gradient

Boundary type Tapered injector

Pressure Velocity
Wall Zero gradient Fixed value (0)
Inlet Zero gradient Fixed value

Outlet Fixed value Zero gradient

Table 4. Mesh dependency study.

Label Grid Number Mean Velocity at Tube
Exit (m/s)

Mean Apparent Viscosity at
Tube Exit (Pa·s)

Grid A 167,029 12.38545 0.024526
Grid B 384,569 12.42003 0.024528
Grid C 691,509 12.35038 0.024543
Grid D 1,087,849 12.41336 0.024582
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We further define a generalized Reynolds number based on the Carreau-Yasuda model for
determining whether the flow is laminar or turbulent [25]:

Regen,CY =
ρu[[

1 +
{
λ
(

3n+1
4n

)
8u
D

}a](n−1)/a
(η0 − η∞) + η∞

](
3n+1
4nD

) (10)

where u is the mean velocity and D is diameter of the pipe.

5. Results and Discussion

5.1. Converging Tube

We consider three different convergence angles: 2◦, 5◦and 8◦, and each geometry is simulated for
different pressure drops ranging from 1 bar to 6 bars. The inlet diameter is kept constant and chosen
as the reference length. The length of the tube is L = L/Ro = 20. The typical flow contours of the
water-HPC in a converging tube with 2◦ convergence angle with 1 bar pressure drop between the inlet
and the outlet are shown in Figure 4. The velocity increases gradually and reaches the maximum value
at the center line at the outlet (with the smallest radius). The shear rate varies at different locations
in the flow. The shear rate at the exit wall is about 10,000 times the shear rate near the center of the
entrance. The viscosity is also affected by shear rate in the Carreau-Yasuda model and is negatively
proportional to the shear rate, therefore the viscosity is smallest at wall near the outlet.
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Figure 4. Contours of pressure, velocity, shear rate and viscosity in the tube with a convergence angle
of 2◦ with a 1bar pressure drop.

The velocity and the shear rate profiles along the radial direction at different axial positions in the
tube with 2◦ convergence angle are shown in Figure 5. Here, V is the ratio of the local velocity to the
mean velocity at the inlet. From the variation of the velocity form inlet to outlet, an acceleration process
can be observed. From Figure 5b, we can observe that the maximum shear rate appears at the wall
near the outlet. The converging tube structure is adopted in conveying pipelines in order to reduce the
gel viscosity and improve the delivery efficiency. Understanding the parameters which can cause a
change in the viscosity is one of the key points in the converging tube flow studies. Figure 6 shows
the viscosity variation along the radial and the flow directions in a 2◦ converging tube. According to
Figure 5, the velocity gradient near the axis of the converging tube is small, and it reaches the maximum
near the wall.

The higher shear rates would lead to a faster reduction of the viscosity near the walls, as shown in
Figure 6a. From Figure 6b, it also can be observed that the viscosity decreases gradually along the
axial (flow) direction, due to the convergence of the tube diameter causing an increase in the shear rate.
On the other hand, it should be noticed that near the tube center at the outlet, the viscosity is still
very high, which is a problem for spray atomization.
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Figure 5. (a) Velocity and (b) shear rate profiles along the radial direction at different axial positions.
Z = z/L, α = 2◦, and ∆p = 1 bar.
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Figure 6. Viscosity profiles of the water-HPC gel (a) along the radial direction at different axial positions
and (b) along the axial direction at different radial positions. Z = z/L, R = r/r(z), α = 2◦, and ∆p = 1 bar.

Figures 7–9 investigate the effect of the convergence angle on the flow characteristics. The pressure,
velocity, shear rate and viscosity fields in the converging tube with different convergence angles are
shown in Figure 7. As the convergence angle increases, the viscosity decreases. Figure 8a plots the
dimensionless pressure (P = p/pin) profile along the axial direction with different convergent angles,
where pin is the pressure at the inlet. The pressure becomes more nonlinear as the convergence angle
increases; this could be due to the fact that the pressure gradient increases near the inlet and the outlet
as the tube diameter decreases, determined by the convergence angle. Therefore, we can observe that
the pressure at the inlet with a larger cross section changes slightly while the pressure at the outlet with
a smaller cross section changes greatly, and this is especially noticeable in tubes with a convergence
angle of 8◦. Figure 8b shows the profiles of the dimensionless mean velocity (V = v/vin) along the
axial direction with different convergent angles, where v is the cross-section mean velocity and vin is
the cross-section mean velocity at the inlet. We can see that the gradient of the dimensionless mean
velocity increases with bigger convergences angles, which corresponds to a larger pressure gradient.
The effect of the convergence angle on the mean apparent viscosity at the outlet is shown in Figure 9,
(see Equation (9) for the definition of the mean apparent viscosity).
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Figure 7. Contours of pressure, velocity, shear rate and viscosity in the (a) 5◦ and (b) 8◦ converging
tube, Ro = 0.4 mm, ∆p = 1 bar.

Energies 2019, 12, x FOR PEER REVIEW 9 of 15 

 

 
(a) (b) 

Figure 8. (a) Dimensionless pressure distribution, 𝑃 = 𝑝/𝑝  and (b) dimensionless mean velocity of 
cross section along the tube axis, 𝑉 = �̅�/�̅� . 𝑝𝑖𝑛 is the pressure at the inlet, and 𝑣 is the cross-section 
mean velocity and 𝑣𝑖𝑛 is the cross-section mean velocity at the inlet. 

 
Figure 9. Effect of the convergence angle and the pressure drop on the mean apparent viscosity at the 
tube exit. 

The mean apparent viscosity at the outlet can be reduced by increasing the convergence angle 
of the tube and the pressure drop (𝛥𝑝). Increasing 𝛥𝑝 can significantly lower the mean apparent 
viscosity while the effect reduces as 𝛥𝑝 increases further. The effect of the convergence angle on the 
mean apparent viscosity at the outlet is also significant. In the range of the convergence angle studied 
here, the mean apparent viscosity decreases almost linearly as the convergence angle increases. 
However, it should be noticed that the convergence angle of the tube must be limited within a certain 
range, because higher convergence angles cannot meet the requirement of mass flow rate. Therefore, 
a trade-off should be made between increasing the convergence angle and the viscosity reduction. 

5.2. Tapered Injectors 

In this section, we study another typical geometry used in propulsion systems: tapered injectors. 
The front straight tube is long enough for ensuring the fully developed flow condition before the 
converging tube. The criterion for the fully developed flow is that the gradient of the magnitude of 
the dimensionless velocity along the axial direction is less than 1e-3/m. The diameter of the front 
(straight) tube is chosen as the reference length. The diameter of the straight part after the converging 
part is 𝑅 = 𝑅 /𝑅 = 0.1 and the length is �̅� = 20. Five convergence angles are studied (shown in 
Table 2). Each geometry is numerically studied with the generalized Reynolds number of 0.127 to 
0.911 at the inlet. 

Figure 10 shows the contours of the pressure, velocity, shear rate and viscosity distribution with 
an inlet 𝑅𝑒 , = 0.391 and a convergence angle of 60°. In the front of the (straight) tube, the shear 
rate increases along the radial direction, and this leads to a high viscosity near the tube center where 
a “plunger” effect with high viscosity can be observed. In the converging section, the shear rate 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

             
 

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

           
  
  

1 2 3 4 5 6
10

15

20

25
             

Figure 8. (a) Dimensionless pressure distribution, P = p/pin and (b) dimensionless mean velocity of
cross section along the tube axis, V = v/vin. pin is the pressure at the inlet, and v is the cross-section
mean velocity and vin is the cross-section mean velocity at the inlet.
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Figure 9. Effect of the convergence angle and the pressure drop on the mean apparent viscosity at the
tube exit.

The mean apparent viscosity at the outlet can be reduced by increasing the convergence angle
of the tube and the pressure drop (∆p). Increasing ∆p can significantly lower the mean apparent
viscosity while the effect reduces as ∆p increases further. The effect of the convergence angle on
the mean apparent viscosity at the outlet is also significant. In the range of the convergence angle
studied here, the mean apparent viscosity decreases almost linearly as the convergence angle increases.
However, it should be noticed that the convergence angle of the tube must be limited within a certain
range, because higher convergence angles cannot meet the requirement of mass flow rate. Therefore,
a trade-off should be made between increasing the convergence angle and the viscosity reduction.
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5.2. Tapered Injectors

In this section, we study another typical geometry used in propulsion systems: tapered injectors.
The front straight tube is long enough for ensuring the fully developed flow condition before the
converging tube. The criterion for the fully developed flow is that the gradient of the magnitude of
the dimensionless velocity along the axial direction is less than 1e−3/m. The diameter of the front
(straight) tube is chosen as the reference length. The diameter of the straight part after the converging
part is Ro = Ro/R1 = 0.1 and the length is Z = 20. Five convergence angles are studied (shown in
Table 2). Each geometry is numerically studied with the generalized Reynolds number of 0.127 to 0.911
at the inlet.

Figure 10 shows the contours of the pressure, velocity, shear rate and viscosity distribution with
an inlet Regen,CY = 0.391 and a convergence angle of 60◦. In the front of the (straight) tube, the shear
rate increases along the radial direction, and this leads to a high viscosity near the tube center where a
“plunger” effect with high viscosity can be observed. In the converging section, the shear rate continues
to increase while the viscosity keeps decreasing. Viscosity in the smaller straight tube remains at a low
level because of the high shear rate. The variation of the flow along the axis of the slim tube can indicate
the effect of the length of the slim tube on the mean apparent viscosity at the outlet. Figure 11 plots the
radial distributions of velocity, shear rate and viscosity in the slim tube at different axial distances.
Z is the ratio of the axial distances from the inlet of the slim tube to its diameter. The viscosity at the
inlet remains small compared with those in the tube, due to the relative high shear rate caused by
the disturbed flow at that region. The slim straight tube acts as a flow straightener and the velocity
gradually becomes more parabolic after the gel enters this section of the tube, and as a result the shear
rate decreases. The smaller shear rate causes the gel viscosity to return to a higher level, as shown in
Figure 11c.
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Figure 10. Contours of flow fields in the tapered injector with Ro = Ro/Ri = 0.1, Z = Z/RO = 20,
α = 60◦, inlet Regen,CY = 0.391.
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Figure 11. (a) Velocity, (b) shear rate and (c) viscosity profiles along the radial direction at various axial
locations in the small tube, Ro = Ro/Ri = 0.1, Z = Z/RO = 20, α = 60◦, inlet Regen,CY = 0.391.

The mean apparent viscosity at different axial positions in the small tube is shown in Figure 12.
The mean apparent viscosity at the outlet of the convergence tube is 0.0114 Pa·s. After entering the tube,
the mean apparent viscosity rises rapidly to two times of that at the outlet of the converging tube;
the length of the small tube has little effect on the mean apparent viscosity.
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Figure 12. Mean apparent viscosity and pressure distributions along the axial location of the
small tube, Ro = Ro/Ri = 0.1, Z = Z/RO = 20, α = 60◦, inlet Regen,CY = 0.391.

Therefore, for shear-thinning gels studied here, the existence of the small tube is unfavorable.
When designing an injector, the small tube should be as short as possible for achieving the minimum
mean apparent viscosity at the outlet. From last section of this paper, we have observed that the
converging tube of the injector has a significant effect on the viscosity reduction. For the gels with a
high viscosity, the high shear rate in the converging part of the injector can help the gel approach the
lower-bound viscosity (η∞). Therefore, the effect of the convergence angle of the converging tube is
investigated below. A central radial cross-section is defined at the middle of the inlet and the outlet of
the converging part (also see the position of the cross-section indicated by the red dash line in Figure 3b).
Figure 13 shows the effect of the convergence angles on the velocity, shear rate and viscosity profiles
along the radial direction in the central cross-section and the outlet cross-section of the converging
part. In Figure 13a, the velocity is non-dimensionalized based on the velocity at R = 0. It can be seen,
that as the convergence angle increases, the overall shear rate (velocity gradient) increases, which
results in a lower viscosity. In Figure 13b, the velocity is non-dimensionalized based on the velocity at
R = 0 as well. We can observe that the velocity distribution is far from being parabolic; the maximum
velocity appears to be at the position of R ≈ 0.8, therefore the shear rate near the wall is significantly
higher than the shear rate in the main flow region, and as a result the viscosity near the wall is much
lower, forming a lubrication layer for fluid flow.

Energies 2019, 12, x FOR PEER REVIEW 11 of 15 

 

Therefore, for shear-thinning gels studied here, the existence of the small tube is unfavorable. 
When designing an injector, the small tube should be as short as possible for achieving the minimum 
mean apparent viscosity at the outlet. From last section of this paper, we have observed that the 
converging tube of the injector has a significant effect on the viscosity reduction. For the gels with a 
high viscosity, the high shear rate in the converging part of the injector can help the gel approach the 
lower-bound viscosity (𝜂 ). Therefore, the effect of the convergence angle of the converging tube is 
investigated below. A central radial cross-section is defined at the middle of the inlet and the outlet 
of the converging part (also see the position of the cross-section indicated by the red dash line in 
Figure 3b). Figure 13 shows the effect of the convergence angles on the velocity, shear rate and 
viscosity profiles along the radial direction in the central cross-section and the outlet cross-section of 
the converging part. In Figure 13a, the velocity is non-dimensionalized based on the velocity at 𝑅 =0. It can be seen, that as the convergence angle increases, the overall shear rate (velocity gradient) 
increases, which results in a lower viscosity. In Figure 13(b), the velocity is non-dimensionalized 
based on the velocity at 𝑅 = 0 as well. We can observe that the velocity distribution is far from being 
parabolic; the maximum velocity appears to be at the position of 𝑅 ≈ 0.8, therefore the shear rate 
near the wall is significantly higher than the shear rate in the main flow region, and as a result the 
viscosity near the wall is much lower, forming a lubrication layer for fluid flow. 

Figure 14 shows the mean apparent viscosity along the axial direction with different convergent 
angles. Here, 𝐿 is the ratio of the distance away from the entrance of the converging tube and the 
length of the converging tube. In Figure 14, we can observe that the mean apparent viscosity at the 
entrance of the converging part is the largest and it gradually decreases along the axial direction. The 
decrease of the mean apparent viscosity is more obvious with the bigger convergence angles; the 
converging tube with a 60° convergence angle gives the smallest mean apparent viscosity at the 
outlet, which is two orders of magnitude lower than that of the mean apparent viscosity at the inlet. 
Therefore, the injector plays an important role in reducing the viscosity of the gel. 

 

Figure 13. Velocity, shear rate and viscosity profiles along the radial direction on (a) the central cross-
section and (b) the exit cross-section of the converging stage, 𝑅 = 𝑅 /𝑅 = 0.1, inlet 𝑅𝑒 , = 0.391. 

(a)

(b)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

                
 
 
 

0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.8

0.9

1.0

1.1

                
 
 
 

0.0 0.2 0.4 0.6 0.8 1.0
0

500

1000

1500

2000                 
 
 
 

0.0 0.2 0.4 0.6 0.8 1.0

0.1

0.2

0.3

0.4

                
 
 
 

0.0 0.2 0.4 0.6 0.8 1.0
104

105

106                 
 
 
 

0.0 0.2 0.4 0.6 0.8 1.0
0

10

20

30

                
 
 
 

Figure 13. Velocity, shear rate and viscosity profiles along the radial direction on (a) the
central cross-section and (b) the exit cross-section of the converging stage, Ro = Ro/Ri = 0.1,
inlet Regen,CY = 0.391.
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Figure 14 shows the mean apparent viscosity along the axial direction with different convergent
angles. Here, L is the ratio of the distance away from the entrance of the converging tube and the length
of the converging tube. In Figure 14, we can observe that the mean apparent viscosity at the entrance of
the converging part is the largest and it gradually decreases along the axial direction. The decrease of
the mean apparent viscosity is more obvious with the bigger convergence angles; the converging tube
with a 60◦ convergence angle gives the smallest mean apparent viscosity at the outlet, which is two
orders of magnitude lower than that of the mean apparent viscosity at the inlet. Therefore, the injector
plays an important role in reducing the viscosity of the gel.Energies 2019, 12, x FOR PEER REVIEW 12 of 15 
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Figure 14. Variation of the mean apparent viscosity along the axial direction for different
convergent angles.

To further illustrate the change of the pressure loss (δ = (pi − po)/pi × 100%) with the convergence
angle, the pressure drop of different converging tubes is plotted as the black line in Figure 15, where
we can observe that the pressure loss increases with the increase of the convergence angle. Meanwhile,
the mean apparent viscosity represented by the red line in Figure 15 decreases with the increase of
the convergence angle. The mean apparent viscosity of the tube with the convergence angle of 60◦ is
only half of the one with the convergence angle of 20◦. Increasing the convergence angle lowers the
viscosity but causes higher pressure losses. Therefore, a balance between the pressure loss and the
viscosity reduction should be taken into account for design of the injector geometry.
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Figure 15. Effect of the convergence angle on the pressure loss (δ) and the mean apparent viscosity (η )
at the outlet of the convergence tube with inlet Regen,CY = 0.391.

The effect of the Reynolds number (based on the flow conditions at the inlet of the whole tube)
on the pressure loss and the mean apparent viscosity at the exit is represented in Figure 16. As the
Reynolds number increases, the mean apparent viscosity decreases while the pressure drop increases.
Therefore, similar to the convergence angle, a proper Reynolds number should be chosen depending
on the specific requirement of the practical application.
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Figure 16. Effect of the Reynolds number (Regen,CY) on the mean apparent viscosity and the pressure
drop with the convergence angle of 60◦.

6. Conclusions

In this paper, we studied the flow characteristics of gel in converging tubes and tapered injectors
which are typical geometries in propulsion systems for propellant transport and spray. For safety
considerations, water-HPC gel is used to mimics the kerosene gel. The water-HPC gel is modeled by
using the Carreau–Yasuda model, and the model parameters are fitted with the experimental data
measured by a rotational rheometer. According to the numerical studies, the mean apparent viscosity
at the exit of the converging tube decreases with the increase of the convergence angle; but for higher
convergence angles, the pressure drop is increased. For the tapered injector, we find that the small pipe
after the converging part has a detrimental effect on the viscosity reduction. Furthermore, both higher
convergence angles and higher Reynolds numbers lead to smaller mean apparent viscosity and a
high-pressure loss; therefore, for design purposes or for engineering operations a balance between the
pressure loss and the viscosity reduction should be sought.

Author Contributions: Q.-L.C. developed the framework of the paper and did the numerical simulations. M.M.
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Appendix A

Figure A1a,b show the steady fully developed flow where the dimensionless velocity and viscosity
profiles along the radial direction in a tube using the water-HPC. We can observe that the velocity
profiles for the non-Newtonian fluid are very different compared to the profiles for a Newtonian
fluid; moreover, the numerical results of the non-Newtonian fluid can also reveal the distribution of
the gel viscosity; this is an important parameter for the design of transport tubes and injectors for
propellent systems.
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