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Abstract: In general, rheological properties of gelled fuels change dramatically when temperature
changes. In this work, we investigate flow and heat transfer of water‐gel in a straight pipe and a
tapered injector for non‐isothermal conditions, which mimic the situations when gelled fuels are
used in propulsion systems. The gel‐fluid is modeled as a non‐Newtonian fluid, where the viscosity
depends on the shear rate and the temperature; a correlation fitted with experimental data is used.
For the fully developed flow in a straight pipe with heating, the mean apparent viscosity at the cross
section when the temperature is high is only 44% of the case with low temperature; this indicates
that it is feasible to control the viscosity of gel fuel by proper thermal design of pipes. For the flow
in the typical tapered injector, larger temperature gradients along the radial direction results in a
more obvious plug flow; that is, when the fuel is heated the viscosity near the wall is significantly
reduced, but the effect is not obvious in the area far away from the wall. Therefore, for the case of
the tapered injector, as the temperature of the heating wall increases, the mean apparent viscosity
at the outlet decreases first and increases then due to the high viscosity plug formed near the channel
center, which encourages further proper design of the injector in future. Furthermore, the layer of
low viscosity near the walls plays a role similar to lubrication, thus the supply pressure of the
transport system is significantly reduced; the pressure drop for high temperature is only 62% of that
of low temperature. It should be noticed that for a propellent system the heating source is almost
free; therefore, by introducing a proper thermal design of the transport system, the viscosity of the
gelled fuel can be greatly reduced, thus reducing the power input to the supply pressure at a lower
cost.
Keywords: gel; non‐Newtonian fluid; constitutive model; temperature; temperature‐dependent
viscosity; pressure drop

1. Introduction
Gel fuels are promising candidates for certain future ramjet and rocket applications; they offer
potential improvements in performance and/or safety over conventional liquid and solid propulsion
systems [1]. In terms of safety and storage compared to liquid fuels, gel fuels are safer and can be
stored much longer due to their stable internal structure. Meanwhile, gel fuels have high specific
impulse and offer the possibility to build throttleable engines, which solid fuels is incomparable [2].
From a fluid mechanics point of view, gels behave as non‐Newtonian fluids. Many fluids behaving
non‐Newtonian characteristics show shear‐thinning viscosity, yield stress and thixotropy,
respectively or simultaneously [3]. Gel fuels are made from liquid fuels with addition of particular
gellants, which leads to the notable changes in the rheological properties of the fuels [3–7]. However,
a shortcoming rises because of the addition of gellant. The higher level of viscosity of gel fuels
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compared with liquid fuels significantly reduces the efficiency of atomization and combustion [8–
10].
Gels usually show a shear‐thinning behavior, indicating that the viscosity decreases as the shear
rate increases. This is an important issue for transporting of gel fuels in pipes. There are numerous
mathematical models developed to describe the shear‐thinning characteristic of fluids, for example,
the power‐law model and the Carreau type model [11–13]. Rahimi and Natan [14–16] numerically
studied the flow of gel in straight and converging pipes using the power‐law model. Some basic
parameters such as the velocity, the viscosity and the pressure drop were obtained. The distribution
and variation of these parameters were analyzed by changing the geometries. Bo and Mengzheng
[17] studied the flow and the rheological characteristics of gels in a pipe by using POLYFLOW
software. The result showed that the pressure loss reduces rapidly when the diameter increases,
keeping the velocity and the pipe length constant. Meanwhile, a plug flow exists near the central axes
area, especially when the power law index increase. The Carreau–Yasuda model was used by Yoon
et al. [18] to described the constitutive relationship of water‐HPC (hydroxypropylcellulose) gel. They
found that the increase of the length‐diameter ratio and the convergence angle of the injector is
beneficial to decreasing the viscosity at the outlet. Cao et al. [19] measured the rheological parameters
of water‐HPC gel and fitted the model parameters of the Carreau–Yasuda model. Their numerical
results of the gel fuel in tapered injectors suggests that a compromise should be achieved between
the pressure loss and the viscosity reduction for a better design and engineering operation.
On the other hand, temperature changes also play a role in the rheological properties of gel. Shin
and Cho [20] investigated the effect of the temperature‐dependent and the shear‐thinning viscosity
on the laminar flow and heat transfer of a non‐Newtonian fluid in a duct. In their study, they
combined the Arrhenius and power‐law models to describe the influence of the shear rate and the
temperature on the viscosity; their results show excellent agreement with the experimental data.
Varghese et al. [21] found that temperature affect the yield stress of virgin and metallized UDMH
gels. Rahimi et al. [22] and Rahimi and Natan [23] investigated the effect of temperature on the
parameters in the power‐law model, namely the consistency index K and the exponent n, for various
gellant fraction, where the parameters K and n were expressed as functions of temperature and the
gellant fraction. Ellahi [24] examined the magnetohydrodynamic (MHD) flow of non‐Newtonian
nanofluids in a pipe with two different temperature dependent viscosity models, namely the
Reynolds’ model and the Vogel’s model. A strong dependence of the velocity and temperature
profiles on the viscosity was noticed in the simulation. Fu et al. [25] studied the steady shear flow of
a power‐law gel using a Bohlin cone‐and‐plate controlled stress rotational rheometer. The results
show that the model parameter, K, decreases as the temperature increases. Moreover, it was also
noticed the parameter, n, generally increases as the temperature increases. In general, the effect of the
temperature is different for different kinds of gels. Jyoti et al. [26] measured the apparent viscosity of
the ethanolamine gel with the PVP
SiO hybrid gelling agent at different temperatures. They
notice that the apparent viscosity initially increases and then decreases with the increase in the
temperature.
According to our knowledge, numerical investigations on the flow and heat transfer of gel fuels
showing shear‐thinning and temperature sensitive viscosity, has not been reported yet. In this paper,
we conduct a numerical study about the flow and heat transfer characteristics of a non‐Newtonian
gel in two problems, which are the typical geometries used in fuel‐delivery propulsion systems. In
Section 2, we discuss our mathematical approach, by presenting the governing and constitutive
relations. The dimensionless forms of the equations are also presented. In Section 3, we present the
geometry of the two problems and then a brief discussion of the boundary conditions and mesh
study. In Section 4, we present the results.
2. Methods
2.1. Mathematical Approach
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We consider the gel‐fluid as a non‐linear fluid, where the shear viscosity is assumed to depend
on the shear rate and the temperature. The governing equations for a single‐phase fluid are the
conservation equations for mass, linear momentum, and the energy equation, as shown below (see
Chapter 3 of [27]). The variation of the density of the fluid due to the temperature changes is ignored
and the fluid is considered to be incompressible.
2.1.1. Governing Equations
Conservation of Mass:
For an incompressible fluid [28], the conservation of mass is simplified to,
𝑑𝑖𝑣 𝒗

0

(1)

where 𝒗 is the velocity vector, and ‘𝑑𝑖𝑣’ is the divergence operator.
Conservation of Momentum:
The conservation of linear momentum is [27,29],
𝜌

𝑑𝒗
𝑑𝒕

𝑑𝑖𝑣𝑻

𝜌𝒃

(2)

where T is the Cauchy stress tensor, 𝑑/𝑑𝑡 is the total time derivative given by 𝑑 . / 𝑑𝑡 𝜕 . /𝜕𝑡
𝒗 ∙ 𝑔𝑟𝑎𝑑 . , where ‘grad’ is the gradient operator and 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 𝑻 .
Conservation of Energy:
The conservation of energy reads,
𝑑𝑒
𝑑𝑡

𝑻: 𝑳

𝑑𝑖𝑣 𝒒

𝜌𝑟

(3)

where 𝑒 is the internal energy density, ‘:’ designates the scalar product of two tensors, 𝑳 is the
gradient of velocity, 𝒒 is the heat flux vector, and 𝑟 is the specific radiant energy which will be
neglected in this study. In the above equation, 𝑻: 𝑳 represents the viscous dissipation and 𝑑𝑖𝑣 𝒒
represent the heat conduction. Constitutive relations are needed for 𝑻, 𝑒 and 𝒒 in order to ‘close’ the
above equations.
2.1.2 . Constitutive Equation for the Stress Tensor and Heat Flux Vector
Stress Tensor:
Roscoe [30] provided a thorough review of modeling and characterizing gel‐like materials. In
general, gels behave as non‐Newtonian fluids (NNF). Non‐Newtonian (non‐linear) fluids exhibit
some unusual characteristics. For example, some NNF’s show normal stress effects, as manifested in
phenomena such as die‐swell or rod‐climbing (see Chapter 7 of the book by Schowalter [31]). Some
non‐Newtonian fluids have yield stress or show viscoelastic effects, while some have viscosities
which depend on shear rate and temperature or even pressure (see Chapter 1 of the books by
Macosko [32]); Chapter 2 of the book by Carreau, De Kee and Chhabra [33]). Perhaps the simplest
model, from an engineering perspective, which can capture the shear‐thinning (or shear‐thickening)
effect, is the power‐law model. In this paper, we consider the dependence of the viscosity of the
water‐gel on the shear rate and the temperature. We assume that the stress tensor of the water‐gel is
given by the power‐law model,
𝑻

𝑝𝑰

2𝜂𝑫

(4)
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Here 𝜂 is the shear viscosity of the water‐gel (which depends on the shear rate and the
temperature), 𝑰 is the identity tensor, 𝑝 is the pressure and 𝑫 is the symmetric part of the velocity
gradient. According to the literature [14,34], the water‐gel can usually be modeled as a power‐law
fluid. Thus, we assume
𝜂 𝑇 ∙𝜂 𝛾

𝜂 𝑇, 𝛾

(5)

where we assume
𝜂 𝛾

𝐾𝛾

(6)

which is the traditional power‐law formulation, and for 𝜂 𝑇 we assume
𝜂 𝑇

𝐾 𝑒𝑥𝑝

(7)

If we combine these two equations, we obtain [35]:
𝐾𝛾

𝜂 𝑇, 𝛾

𝑒𝑥𝑝

(8)

where 𝑇 is the temperature, 𝛾 is the shear rate (which is 𝛾 √2𝑡𝑟𝑫 ),‘𝑡𝑟’ designates the trace of a
tensor, 𝐾 is the consistency index, and 𝑛 is the power‐law exponent, 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, 𝑎 is the temperature index.
Note that other useful correlations for the temperature‐dependent viscosity are the Reynolds
equation and the Vogel equation (see Massoudi and Christie [36]). In Section 2.2, the model
parameters in Equation (8) will be fitted to experimental measurement. Thus,
𝑻

𝑝𝐼

2𝐾𝛾

𝑒𝑥𝑝 𝑫

(9)

We use this equation for the stress tensor 𝑻 in our numerical analysis.
Internal Energy:
In general, the internal energy density is given by,
𝑒

𝜌𝜀

(10)

𝐶 𝑇

(11)

where 𝜀 is assumed to be [27],
𝜀

where 𝐶 is the heat capacity of the fluid, which is assumed to be constant.
Heat Flux Vector:
The classical theory of heat conduction states that the heat flux vector is related to the
temperature gradient [37], where
𝒒

𝑘𝑔𝑟𝑎𝑑𝑇

(12)

where 𝑘 is the thermal conductivity of the fluid. For complex materials, 𝑘 can depend on the
concentration, the temperature, the shear rate, magnetic field (see Massoudi [38,39]). In general, if the
material is anisotropic, it would depend on the direction of the fibers, for example, and in these cases,
the thermal conductivity is given by a second order tensor 𝑲 (or 𝐾 in a Cartesian system) with
nine different components. In this paper, we assume that the water‐gel is isotropic and has a constant
thermal conductivity. According to experimental measurements [40], the variation of the thermal
conductivity of the water‐gel is moderate when changing the weight fraction of the gallant; therefore,
we assume that the value of 𝑘 is the same as the thermal conductivity of water.
2.1.3. Expanded Form of the Governing Equations
Using Equations (4) and (8) in Equation (2), we obtain a set of partial differential equations
(PDEs) which need to be solved numerically. To obtain numerical solutions to these equations, we
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build our PDEs solver using the libraries provided by OpenFOAM [41]. The dimensionless form of
these PDEs are given below:
𝑑𝑖𝑣𝑽
𝜕𝑽
𝜕𝜏
𝜕𝜃
𝜕𝜏

𝑽 ∙ 𝑔𝑟𝑎𝑑 𝑽

𝑽 ∙ 𝑔𝑟𝑎𝑑 𝜃

0

𝑔𝑟𝑎𝑑 𝑃

𝐷

(13)
1
𝜂 𝜃, 𝛾
𝑑𝑖𝑣
𝑫
𝜂
𝑅𝑒

𝜂 𝜃, 𝛾
𝑫: 𝑳
𝜂

(14)

𝐿𝑒 𝑑𝑖𝑣 𝑔𝑟𝑎𝑑 𝜃

(15)

where we have used the following non‐dimensional parameters:
𝑌

𝑃
∗

div ⋅

𝑦
;𝑋
𝐿

𝑥
;𝑽
𝐿

𝒗
;𝜏
𝑣

𝜌𝐿 𝑣
;𝐷
𝜂

𝑝
; 𝑅𝑒
𝜌𝑣

∗

𝑡𝑣
;𝜃
𝐿

𝑇
𝑇

𝜂 𝑣
; 𝐿𝑒
𝜌𝐶 𝑇 𝑇 𝐿
𝐿 grad ⋅ ; 𝑫∗

𝐿 div ⋅ ; grad ⋅

𝑇
;𝛤
𝑇

𝛾
;𝛨
𝛾

𝜂
𝜂

𝑘
;
𝜌𝐶 𝑣 𝐿

1
∗
grad 𝑽
2

(16)
∗

grad 𝑽

;

where 𝐿 is a reference length, 𝑣 is a reference velocity, 𝑇 and 𝑇 are reference temperatures and
are set as 372 K and 298 K in this paper, 𝜂 is the reference viscosity and 𝑅𝑒 is the Reynolds number.
𝐷 is the dimensionless number related to the viscous dissipation and 𝐿𝑒 is the Lewis number which
is the ratio of thermal diffusivity to convective mass transport. The asterisks have been dropped for
simplicity. In the next section, we will discuss the experimental setup. To characterize the flow
behavior of non‐Newtonian fluids of the power‐law type, we use a generalized Reynolds number
given by [42,43],
𝜌𝑣

𝑅𝑒
𝐾𝑒𝑥𝑝

0.75

𝑑
0.25
𝑛

(17)

8

2.2. Parameters in the Constitutive Equation for the Stress Tensor
Figure 1 shows the measured viscosity [44] and the theoretical predictions for different
temperatures and shear rates. In this figure, the symbols are used for the experimental measurements
[44], while the solid lines (curves) represent the prediction by Equation (8) with 𝐾
167.7978 Pa s , 𝑛 0.4751, 𝑎
1.116 10 1/K. In our constitutive equation, we have considered
both the effects of the shear rate and the temperature. The influence of the temperature on the
rheological properties of water‐gel is usually investigated in two ways: (1) obtain the flow curves at
constant temperature for various share rates and (2) apply a constant shear rate while temperature is
changed with time. The experimental data was obtained using the second method [44].

Experiment
Fit t ing curves

100

10-1
3.0

3.1

3.2

3.3

3.4

3.5

3.6
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Figure 1. Experimental measurements and the model prediction of the viscosity of the water‐gel. The
experimental data is from [44]. The fitted parameters of Equation (8) are 𝐾 167.7978 Pa ∙ s , 𝑛
0.4751, 𝑎
1.116 10 1/K.

3. Problem Descriptions
We study two different problems: (1) flow and heat transfer of water‐gel in a straight pipe and
(2) flow in a tapered injector which mimics the flow of gelled fuels in propulsion systems, see Figure
2. The radius of the straight pipe is 𝑅, and the length of the pipe 𝐿 8𝑅. For the tapered injector, the
radius of the front tube is 𝑅 . We set a long straight pipe in the front of injector to ensure a fully
developed flow before flowing through the heated region. The heated walls are indicated by the red
𝐿
𝑅 . The diameter of the straight part after the converging
lines shown in Figure 2(b) and 𝐿
region is 𝑅
0.25𝑅 , and the convergence angle is 𝛼 45° . For both cases, we have taken
advantage of the symmetry of the problem.
(a) r

𝑽

z

2R

(b)
r

𝑽

z


Ro
Ri

Heat ed walls

Lo

Li

Figure 2. Geometries of (a) the straight pipe and (b) the tapered injector. 𝑅 and 𝑅 are the radii of
the inlet and the outlet cross‐sections, respectively. The red color indicates heated walls.

The boundary conditions are listed in Table 1. In the case of flow in the straight pipe, we consider
the effect of different wall temperatures. To better understand the fully developed and steady‐state
flow, a periodic boundary condition is applied at the inlet and the outlet. In OpenFOAM, the periodic
boundary condition is incorporated by setting the inlet and the outlet as “cyclic” boundaries, which
enables these two boundary to be treated as if they are physically connected, for more details see
page 145 of [45]. In the case of the tapered injector, we consider different wall temperatures (or heat
fluxes), Reynolds number and different heated locations. To ensure safety‐related issues and that the
results are useful for real situations, the temperature is kept below the boiling point.
To make a better analysis of the effects of the flow conditions, a mean apparent viscosity
(integrated across the cross section) is defined as [19]:
𝜂

1
𝑅

2𝜂𝑟𝑑𝑟

(18)

The mean velocity, the mean pressure and the mean shear rate at any cross‐section are also
calculated in a similar way. For both geometries, a mesh dependency study is performed. Here we
only show the results for the tapered injector in Table 2, where three meshes are studied, with
𝑅𝑒
0.1. The mean apparent viscosity at the outlet of the injector is calculated. As a result, grid B
is chosen.
Table 1. Boundary conditions for the numerical simulations.
Boundary type
Wall
Inlet
Outlet

Pressure
Zero gradient
Cyclic
Cyclic

Straight pipe
Velocity
Fixed value (0)
Cyclic
Cyclic

Temperature
Fixed value
Cyclic
Cyclic
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Boundary type
Pressure
Zero gradient
Zero gradient
Fixed value (0)

Wall
Inlet
Outlet

Tapered injector
Velocity
Fixed value (0)
Fixed value
Zero gradient

Temperature
Fixed value/gradient
Fixed value
Zero gradient

Table 2. Mesh dependency study of the tapered injector.
Grid number
Grid A
Grid B
Grid C

1750
7000
28,000

Mean apparent
viscosity (Pa∙s)
1.026
1.049
1.059

4. Results and Discussion
4.1. Straight Pipe
The velocity, shear rate and apparent viscosity distribution of the gel in the straight pipe are
shown in Figure 3. The wall temperature is 𝜃
1 and the inlet 𝑅𝑒
is 0.1. In this study, the mean
velocity, the mean shear rate and the mean apparent viscosity of the cross‐section are chosen as the
reference values, respectively. 𝑉 is the ratio of the local velocity in the pipe to the mean inlet velocity,
𝛤 is the dimensionless shear rate, and 𝛨 is the dimensionless apparent viscosity, see Equation (16)
for the expressions. Because of the adoption of the periodic boundary condition, the temperature for
the fully developed flow is equal to the wall temperature, therefore the gel behaves as a power‐law
fluid. At the walls, the shear rate reaches the maximum value, and as a shear‐thinning fluid the gel
has its lowest apparent viscosity there.

Figure 3. Contours of (a) velocity, (b) shear rate and (c) apparent viscosity in the straight pipe. The
upper boundary is the axis of symmetry and the lower boundary is the wall with no‐slip condition.
1 and the inlet 𝑅𝑒
is 0.1.
The wall temperature is 𝜃

We first study the influence of different wall temperatures, when 𝑅𝑒
equals to 0.1. The fully
developed velocity, shear rate and apparent viscosity profiles at different cross‐sections with
different wall temperatures are shown in Figure 4. It can be seen that the gel velocity distribution is
exactly the same for these different temperatures. Compared with the Newtonian fluid, near the axis
of the pipe the velocity profile is blunter; according to Equation (8), the parameter, 𝑛, is a measure of
the intensity of the shear rate dependency. Thus, we can see that changing 𝑛 significantly affects the
apparent viscosity of the gel, which further leads to the variation of the velocity distribution [46]. The
smaller the value of 𝑛, the larger is the value of the velocity at the centerline.
Figure 4c indicates that the change of temperature has a great effect on the apparent viscosity.
The higher the temperature, the lower the apparent viscosity at each point on the cross‐section. Figure
5 shows the mean apparent viscosity for different wall temperatures, where we can see that the mean
apparent viscosity at 𝜃
1 is only 44% of the case with 𝜃
0 . It is clear that raising the
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temperature significantly reduces the apparent viscosity of the gel. This is important since for a gel‐
fuel propulsion system the viscosity reduction is a key point for achieving better spray atomization
and lower transport cost.
( a)

( b)

( c)

Figure 4. Dimensionless fully developed (a) velocity, (b) shear and (c) apparent viscosity profiles
along Table 1 at the inlet are used as the reference parameters.

2.0

1.5

1.0
0.0

0.2

0.4

0.6

0.8

1.0

Figure 5. Dimensionless cross‐section mean apparent viscosity (𝛨) at different temperature.

4.2. Tapered Injector
In this section, we study the necessary components in liquid propulsion systems, namely, the
tapered injector. The mean inlet velocity for each case is chosen as the reference velocity; the mean
inlet shear rate and mean inlet apparent viscosity at 𝜃
1 and 𝑅𝑒
0.023 are the reference
shear rate and reference apparent viscosity. We first investigate the effect of the walls heating on the
flow field. Figure 6 shows the contours of different flow fields when the dimensionless wall
temperature (𝜃 ) is 0 and 1. The dimensionless inlet temperature (𝜃 ) is 0 and the 𝑅𝑒
is 0.023.
From Figure 6 we can see that the maximum velocity in the injector is lower if the walls are heated.
Another feature is that when 𝜃
1, the apparent viscosity of the gel at the inlet is greater than when
𝜃
0, which may be due to the lubrication layer in the low viscosity region (high shear rate) formed
near the walls due to the heating effect.
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Figure 6. Contours of dimensionless temperature, velocity, shear rate and apparent viscosity of (a)
non‐heating walls and (b) heated walls. The dimensionless temperature of the inlet and the hot wall
are 0 and 1, respectively. 𝑅𝑒
2.3 10 .

Figure 7a shows the dimensionless temperature profiles in the radial direction at the outlet for
different wall temperatures. Due to the heating of the walls, the temperature gradually increases in
the radial direction; while for all cases the temperature at the centerline is not affected. This can be
attributed to the convection being larger than the thermal diffusion. Figure 7b indicates that the wall
temperature affects the velocity distribution; specifically, when the wall temperature increases, the
velocity profile becomes blunter, indicating a plug flow. Figure 7c shows the dimensionless shear
rate profiles for different wall temperatures. The local shear rate near the walls increases as the wall
temperature increases. For other locations along the pipe, a higher temperature at the walls leads to
a lower local shear rate. Figure 7d plots the dimensionless apparent viscosity in the radial direction
at the outlet for different wall temperatures. The apparent viscosity of the gel near the wall with
higher wall temperature is significantly lower, because of both the high shear rate and the high
temperature. Near the centerline, the gel temperature is hardly affected by changes in 𝜃 , see Figure
7a; therefore the apparent viscosity is only affected by the shear rate exhibiting the classic power‐law
relationship.
( a)

( b)

( c)

( d)

Figure 7. Dimensionless (a) temperature, (b) velocity, (c) shear rate and (d) apparent viscosity profiles
in the radial direction at the outlet for different wall temperatures. The inlet mean velocity, mean
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shear rate and mean apparent viscosity with 𝜃
parameters.

1 and 𝑅𝑒

2.3

10

are used as reference

In conventional liquid fuel systems, most researchers focus on ways of reducing the pressure
drop to reduce the required pumping power. For transport of gel fuels, we should also reduce the
apparent viscosity in order to achieve more efficient and better spray atomization and combustion.
Figure 8 shows the pressure drop and the mean apparent viscosity at the outlet for different wall
temperatures. We can see that heating the walls significantly reduces the pressure drop, see the
reduction of the viscosity at the walls in Figure 7d as well. The dimensionless pressure drop when
𝜃
1 is only 62% of the case when compared to the case when 𝜃
0. The mean apparent viscosity
at the outlet decreases first and then increases when the wall temperature increases. It can also be
noticed from Figure 7d that the apparent viscosity increases with higher wall temperatures in the
0.7. We think this is attributed to the formation of a lubrication layer of low
region of 0.1 𝑟/𝑅
viscosity (high shear rate, high velocity) near the walls due to the heating effect. It is noticed that the
mean apparent viscosity does not change monotonously when the wall temperature increases; in this
case, the minimum mean apparent viscosity is obtained when 𝜃
0.3.

1.6

1.00

1.4

0.98

1.2

0.96
0.94

1.0
0

0.5

1

Figure 8. The dimensionless pressure drop (∆𝑃) and cross‐section mean apparent viscosity (𝛨) at
different temperatures. The pressure drop and the mean outlet apparent viscosity when 𝜃
1 and
𝑅𝑒
2.3 10
are used as reference parameters.

In practical propellant systems, there are two potential methods that can be applied to heat the
gel fuel: one is through the introduction of a high temperature airflow, which can be achieved as a
boundary condition at the walls; another is by using electrical heating, which can be modeled as a
constant heat flux boundary condition. Here, we will consider the flow characteristics in the tapered
injector with a constant heat flux boundary condition. The contours of the temperature, velocity,
shear rate and apparent viscosity with a constant dimensionless heat flux of 1.08 are shown in Figure
9. The dimensionless inlet temperature is 0 and the 𝑅𝑒
is 2.3 10 . The maximum temperature
occurs at the corner of the inlet in the convergent section of the injector. Figure 10 shows the pressure
drop and the mean apparent viscosity at the outlet with different values for the heat flux. Similar to
the situations with constant wall temperature, as the heat flux at the wall increases, the pressure drop
behaves in a linear fashion, while the mean apparent viscosity decreases quickly at first and then
increases a little after 𝜙 reaches 0.4.
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Figure 9. Contours of dimensionless (a) temperature, (b) velocity, (c) shear rate and (d) apparent
viscosity for a constant dimensionless wall heat flux 𝜙
1.08. The reference heat flux is calculated
using reference temperature (𝑇 and 𝑇 ), inlet radius (𝑅 ), and the thermal conductivity of the gel.
The dimensionless inlet temperature is 0 and 𝑅𝑒
2.3 10 .
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Figure 10. The dimensionless pressure drop (∆𝑃) and the cross‐sectional mean apparent viscosity (𝛨)
for different values of the wall heat flux. The pressure drop and the outlet mean apparent viscosity
1 and 𝑅𝑒
2.3 10 are used as the reference parameters.
when 𝜃

Figure 11 shows the dimensionless temperature, velocity, shear rate and apparent viscosity
profiles in the radial direction for different 𝑅𝑒 . Under isothermal conditions, for a shear‐thinning
gel, larger values of 𝑅𝑒
lead to larger shear rates and lower apparent viscosity, but a greater
pressure supply is required [19]. Figure 11a shows the temperature distribution in the radial direction
at the outlet of the injector for different 𝑅𝑒 . It can be seen that the lower the 𝑅𝑒 , the higher the
depth of the penetration of the heat transfer. Figure 11b indicates that as 𝑅𝑒
increases, the velocity
lead to higher
profiles become blunter. It can also be seen in Figure 11c that higher values of 𝑅𝑒
shear rates in all regions at any cross‐section. For the isothermal situation, we expect a viscosity
reduction in all regions as a result; however Figure 11d shows that there are regions with lower
due to the effect of the temperature. Therefore, the
apparent viscosity for smaller values of 𝑅𝑒
shear rate and the temperature have competing effects on the distribution of the apparent viscosity.
on the pressure drop and the mean outlet apparent viscosity when the walls are
The effect of 𝑅𝑒
increases, the mean apparent viscosity decreases
heated is represented in Figure 12. As the 𝑅𝑒
while the pressure drop increases. Therefore, an appropriate 𝑅𝑒
should be chosen depending on
the practical requirements of the propellant system.
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Figure 11. The dimensionless (a) temperature, (b) velocity, (c) shear rate and (d) apparent viscosity
profiles in the radial direction for various 𝑅𝑒 . The inlet mean velocity is used as the reference
velocity. The mean shear rate and the mean apparent viscosity when 𝜃
1 and 𝑅𝑒
2.3 10
are used as reference values.
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Figure 12. The dimensionless pressure drop (∆𝑃) and the mean cross‐sectional apparent viscosity (𝛨)
for various 𝑅𝑒 . The pressure drop and the mean outlet apparent viscosity when 𝜃
1 and
𝑅𝑒
2.3 10 are used as reference parameters.

A typical tapered injector geometry is generally composed of three sections: the upstream
isometric section, the convergent section and the downstream section. In order to study the effects of
the heating, we heat only one section position. In Case a, Case b and Case c, the walls of the isometric
section, the convergent section and the downstream section are heated (kept) at a constant
temperature, 𝜃
1, where the 𝑅𝑒
at the inlet is 2.3 10 , and the dimensionless temperature
at the inlet is 𝜃
0. The high temperature contour near the walls in Figure 13 shows the heating
position for these different cases. In the downstream section, the velocity near the axis of Case c is
lower than others, which implies a blunter velocity distribution there. In Case a, the apparent
viscosity near the axis of the upstream isometric section is greater, which can be attributed to the
formation of the lubrication layer near the heating wall in this section.
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Figure 13. Contours of the dimensionless temperature, velocity, shear rate and apparent viscosity
when the walls of (a) the upstream isometric section, (b) the convergent section and (c) the
downstream section are heated with a constant temperature. The dimensionless temperature at the
inlet and the hot wall are 0 and 1, respectively. 𝑅𝑒
2.3 10 .

Figure 14a shows the dimensionless temperature profiles in the radial direction at the outlet for
different heating position. The penetration of heat transfer is the strongest for Case a, because it is the
farthest away from the outlet; furthermore, because for all cases the total heat transferred into the
system is similar, Case a has the lowest near‐wall temperature at the outlet. Figure 14b indicates that
Case c has a blunter temperature profile corresponding to the observation in Figure 13c. Combining
the numerical observations above, we can find that a greater temperature gradient in the radial
direction usually leads to a blunter velocity profile. Figure 14d indicates that the apparent viscosity
near the central axis almost exactly follows the pattern of the power‐law model under the effect of
local shear rate (see Figure 14c), because of the isothermal condition there (see Figure 14a); near the
wall the behavior of the apparent viscosity is more complex due to the mixed effects of the shear rate
and the temperature.
The pressure drop and the mean apparent viscosity at the outlet for heated, partially heated and
nonheated walls are listed in Table 3. When the whole injector is heated, the pressure drop is the
smallest, while the mean apparent viscosity is larger than that of the nonheated condition. Comparing
the three partially heated cases, the mean apparent viscosity is the smallest when heating is applied
at the isometric section, while the pressure drop is the smallest when heating is applied at the
downstream section. From the table, we can see that the wall heating significantly reduces the
pressure drop. However, the effect of the wall heating on the apparent viscosity is not significant; we
believe this is attributed to the formation of the near‐wall lubrication layer of low apparent viscosity,
which suppresses the penetration of the heat transfer into the main flow.
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( a)

( b)
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Figure 14. The dimensionless (a) temperature, (b) velocity, (c) shear rate and (d) apparent viscosity
profiles in the radial direction for different heating positions. The inlet mean velocity, mean shear rate
and mean apparent viscosity when 𝜃
1 and 𝑅𝑒
2.3 10
are used as reference
parameters.
Table 3. Effects of heating conditions on the pressure drop and the outlet mean apparent viscosity.
∆𝑃
𝛨

Non‐heated
1.613
0.978

Case a
1.296
0.950

Case b
1.226
0.973

Case c
1.219
1.035

All‐heated
1.000
1.000

5. Conclusions
In this paper, we have studied the flow and heat transfer characteristics of water‐gel fuel in a
straight pipe and a tapered injector mimicking the flow of gelled fuels in propulsion systems. The
viscosity of the water‐gel is assumed to depend on the shear rate and the temperature; the model
parameters are fitted with the available experimental data by using the power‐law model. Through
the numerical simulations, we can draw the following conclusions:
a) For the fully developed flow in the straight pipe, the apparent viscosity decreases significantly
with the increase of the wall temperature. For the simulation reported here, the mean apparent
viscosity when 𝜃
1 is only 44% of the case when 𝜃
0.
b) In the tapered injector, the gel is not fully heated before flowing out of the injector. The
temperature gradient has a significant effect on the flow field. The larger the temperature
gradient is, the blunter the velocity profile is.
c) Higher wall temperature significantly reduces the near‐wall apparent viscosity, but it has the
opposite effect on the apparent viscosity far away from the hot wall. In terms of the mean outlet
apparent viscosity, the influence of temperature on the viscosity reduction is less than 5%.
d) Wall heating can greatly reduce the pressure drop in the transport system. In the range of the
wall temperatures studied here, the pressure drop of the heated injector was reduced up to 38%
when compared with the unheated condition.
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𝑝
𝑃
𝑫
𝑇
𝑇, 𝑇
𝐿
𝑎
𝐶
𝑘
𝐿
𝑅
𝑅
𝑅
𝑅𝑒
𝑅𝑒
𝐷
𝐿𝑒
𝑋, 𝑌
𝑟
Greek symbols
𝜌
𝛾
𝜂
𝜂
𝜂
𝜃
𝜃
𝜃
𝛼
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𝛨
𝛨
𝜙
𝛤
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consistency index (Pa ∙ s )
power‐law exponent
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stress tensor (Pa)
time (s)
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gradient of velocity (s )
heat flux vector (W/m )
internal energy density (J/m )
identity tensor
pressure (Pa)
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symmetric part of the velocity gradient (s )
temperature (K)
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temperature index (1/K)
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thermal conductivity (W/ m K )
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mean apparent viscosity (Pa ∙ s)
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dimensionless apparent viscosity
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