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The flow instability in the regenerative cooling channels is one of the important issues for the
thermal protection of hypersonic scramjet engines. Taking into account the dynamic process of
the heat transfer and flow instability, a one-dimensional transient model with several associated
modules including the cracking reaction, convective heat transfer, and calculation of physical
properties has been developed to investigate the flow instability characteristics of the supercritical
hydrocarbon fuel in the cooling channels. The calculated results were compared and validated
against the available experiments and numerical benchmarks attaining good agreements.
Moreover, the influence of the external driving pressure drop on the in-tube flow was further
investigated. The results shows that the right intersection point of the two characteristic curves
leads to stable state, while the characteristics of the left equilibrium point is related to the external
driving pressure drop. In addition, it is also observed that under a certain range of the pressure
drop, the in-tube flow may transfer from the left equilibrium point to the right one then stabilize
at the right equilibrium point.

Nomenclature

section area

heat capacity

diameter of the channel

internal energy

enthalpy

convection heat transfer coefficient
thermal conductivity

chemical reaction rate

length

flow rate

Nusselt number

pressure

Prandtl number

heat flux

perimeter of the channel
temperature

time

velocity

Cartesian coordinate in the x direction
mass fraction
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A = friction coefficient
&n ¢ = coordinates

p = density
Subscripts

b = bulk

c = cracking reaction
F = fuel

f = fluid

w = solid wall

I. Introduction

low instabilities induced by thermal load have been an important issue in the design and operation of industrial

systems, such as steam generation [1], nuclear reactors [2] and electronic cooling systems [3]. Recently, the

instability phenomena in regenerative cooling systems [4] are also of great interest because of the world-wide
development of scramjet engines. During the cooling process, the hydrocarbon coolant may undergo phase change
which leads to heat transfer deterioration [5] and even flow instability [4, 6]. Especially, for cooling systems constitute
several parallel pipes, a locally germinated small perturbation could finally induce flow excursion under certain
positive feedback, which severely affects the reliability of the cooling system.

Flow excursion, also known as Ledinegg instability, was first introduced by Ledinegg [7], which roots in the multi-
valued hydrodynamic characteristics of its internal characteristic line, namely the pressure drop-mass flow rate
characteristic line. The classical method which has been used to study Ledinegg instability is linear stability analysis.
In this approach, small perturbation linearization theory is exploited to determine the stability of the equilibria between
two characteristic lines [8]. By comparing the slope at multiple intersection points, the one in the negative slope region
of the internal characteristic line is regarded to be unstable and vice versa [9-10]. However, the Ledinegg instability
could also be coupled with a dynamically unstable flow such as density-wave instability [11] and pressure-drop
instability [12]. For these complicated flows, linear analysis becomes inadequate as strong nonlinearity is involved
and transient numerical calculation approaches are more attractive.

Recently, several one-dimensional models based on the time domain analysis have been reported in two-phase
flows. Munoz-Cobo et al. [13] have established a reduced-order model to investigate the variations of pressure drop
and inlet mass flux when out of phase oscillations take place. Schlichting et al. [12] utilized a transient lumped
parameterized model to investigate the dynamics of pressure-drop and density-wave oscillations. In the
aforementioned models, flow along the channel is simply divided into two sections based on the boiling boundary,
which may be oversimplified for predicting the dynamics of hydrocarbon flow in cooling channels. Recently, more
accurate one-dimensional methods were proposed in which more discrete subsections were incorporated to improve
prediction accuracy. Lee et al.[14] and Yun et al. [15] respectively studied two-phase flow instability in a parallel
multi-channel system based such one-dimensional models. As for supercritical flow, Chen et al. [16], Lu et al. [17]
and Ruspini et al. [18] also have developed more complex one-dimensional methods using various numerical
discretization methods.

It is obvious from the above brief review, the previous studies are mainly concerned with conventional fluids, such
as water and carbon dioxide, while the relevant work in supercritical hydrocarbon fuels is relatively rare. Besides, the
physical properties of hydrocarbon fuels are very complicated due to their diverse components, which leads to notable
uncertainty in modeling and expensive cost in calculation. Especially, the crack reactions that arise under high
temperature will aggravate the challenge of calculation, which leads to a more complicated multi-valued
hydrodynamic problem. Therefore, it is essential to establish a one-dimensional transient calculation framework to
attain an in-depth understanding of the instability behaviors of supercritical hydrocarbon flow in cooling channels of
regenerated cooling engines. In the present work, a one-dimensional transient calculation framework is proposed and
validated for hydrodynamic instability in a single channel under supercritical operating conditions. Then, the dynamic
characteristics are further investigated for the cooling channel under various operating conditions.

I1. Numerical methodology
The theoretical formulation of the proposed numerical framework is briefly elaborated in this section. The
conservation equations for one-dimensional flow are summarized as:
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where p is the density, u the flow velocity, p the pressure, E the total internal energy, H the total enthalpy, A the
friction coefficient, S the perimeter of the channel and A the cross section area. The g, is the surface heat flux, and
q. is the heat release or absorption due to cracking reactions.

A. Solution procedure of fluid flow
To solve the above nonlinear partial differential equations, the semi-implicit scheme with collocated grid is
adopted to discretize the governing equations as shown in Fig. 1. The way how each governing equation is discretized

will be detailed in the following
Inlet Outlet
e
I ] T T T 1
: 0 1 : 2 : : N-1 : N [N+ :
Ghost cell Ghost cell

Fig. 1. Collocated grid for semi-implicit scheme

a) Mass conservation equation:

p”l—p
PPN, + Fyy = Fryeq = 0 )

where AV; is the cell volume, Fj; is calculated as Fy; = 0.5(p;u; + pi1Uiz1)A

b) Momentum conservation equation:

]+1u1+1 u}+1 j+1 ] +u]+1 A ]u]u]AL
- : el AV + Fp 2 — Fp 2 = pri-14 —prid — dsee e -A (6)
Rearranging the above formula:
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where 4; ;= — L2 4, ,= (p‘— + f'l) Aiz=-L% By, involves the explicit form of velocity, calculated
’ 2 ’ At 2 2

pl jAVl- _ Alplu u; ALL
At 2d
Bi »=(psi-1 — Ps,)A. The friction coefficient 4 is obtained by the Blasius’ correlation [19].

as B;,= A, and B;, denotes the source term induced by pressure difference expressed as

c) Energy conservation equation:

p]+1E]+1 H]+1+H]+1 H]+1 j+1
L 1=

_pl i i —_ .

TAV + By — Fpy == = g, SAL; + AV ®)
In the present work, the NIST SUPERTRAPP is utilized to calculate the thermal properties of the hydrocarbon

fuels. To facilitate the formulation of the equation of state, temperature and pressure are regarded as independent

thermodynamic variables. Subsequently, the density and enthalpy can be linearized by the equation of state as:
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After substituting Egs. (9)- (10) into mass and energy equations, a combined matrix form can be obtained:

(39), =@ (Ory) (11)
where
2 a0\’
J_ ap aT
%= HZ+p3i—1 HZ+p% |
DF1 = Fy iy — Fj,
DF2 = Fy,_ 1Hf+f:f”” 3 H-j“z B 4 o SAL + 4.V,

The above method is essentially a pressure-based algorithm, and the linear central scheme may lead to
checkerboard problem in the pressure field. Therefore, the Rhie-Chow interpolation scheme [20] is employed in this
work to eliminate the pressure wave.

B. Cracking model

Hydrocarbon fuel is a complex mixture with a large number of components, which leads to complex chemical
mechanism consisting of hundreds of species and reactions. However, to emphasis on the characteristics of flow
instability instead of the detailed chemical kinetic process, the n-decane is considered as the surrogate fuel. In addition,
the proportional product distribution (PPD) assumption [22] is used to describe the pyrolysis reaction as in Eq.(4). Y
is the mass fraction of reactant, and kj is the chemical reaction rate obtained using the Arrhenius relation. The overall
reaction is specifically expressed as follows [22]:

CioHyy = 0.153CH, + 0.222C,H, + 0.138C,H, + 0.200C; H,
+0.185C;Hg + 0.171C,Hg + 0.118C,Hyo + 0.149CsH,
+0.137CsHy + 0.170C4H, , + 0.106C¢H, 4 + 0.147C,H,,
+0.091C, Hyg + 0.132C5Hy + 0.040C5H, g + 0.046CoH, g + 0.031CoHsyg

(12)

C. Calculation of the thermal and transport properties

For complex hydrocarbon fuels, the calculations of thermodynamic and transport properties usually occupy more
than 80% of the total CPU time, so it is essential to reduce the cost of thermal properties calculation. To facilitate an
efficient calculation, a look-up table method is applied in present paper. First, the thermal and transport properties of
the mixture are evaluated prior to the simulation and stored in a three-dimensional library (pressure p, temperature T,
and mass fraction of reactant Y). Then, for each inquiry point (pq, T, Yq), the average value of the eight points in its
nearest vicinity are used to improve numerical accuracy, and the calculation of physical properties are outlined in Fig.
2. In the present work, the interval of pressure, temperature and mass fraction are Ap = 0.01 MPa, AT = 2 K, and
AY = 0.01, respectively.

_ P~Pmin _ T-Tnin _ Y-Ymin
$="m T ST (13)
4
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Fig. 2. Schematic diagram of thermal and transport properties calculation

D. Approach for updating the inlet flow rate
Affected by pressure feedback, the flow rate in the channel varies with time. In the previous study [21], the
“Regula-Falsi” method was used to update the inlet flow rate. However, this method is wasteful in the multi-channel
parallel system due to a mass of guessed calculations. Thereby, a more practical model has been proposed to solve the
feedback relation between the pressure and inlet flow rate. Referring to the model in Ref. [23], the cooling system is
divided into two parts, namely the connect channel and heated channel, as schematized in Fig. 3. The inlet pressure p1
and the exit pressure ps are prescribed, whereas the inlet pressure of the heated section p, varies from time to time.
Integrated over the connect channel from 0 to Li, a lumped model can be obtained from the following momentum
equation:
Apu?L,
2d

Ly dm Apu?L,

Apu?L,
Aaa P17 P2 2d

2d

=p1—p3— (P2 —p3) — = Ap, — Ap — (14)

where, Ap, is the external driving force, and Ap is the pressure drop in the heated channel, which is calculated from
the fluid flow module.

Connect channel Heated channel

P l P2 1 Pls
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1 1
o L

x| X X3

Fig. 3. Schematic diagram of the cooling channel along with the connect channel

Based on the above numerical algorithms, an in-house code was developed to perform the calculation and then
employed to investigate the instabilities of hydrocarbon fuel in cooling channel under supercritical conditions. To
clarify the calculation process, the flowchart of the proposed calculation framework is summarized in Fig. 4.
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Fig. 4. Diagram of the numerical calculation framework.

I11. Model validations

The heated channel flow using hydrocarbon as coolant is extremely complicated, involving various physical
issues such as real-fluid effect, flow instability, heat transfer, and cracking reaction. To validate the reliability and
accuracy of the new solver for those aforementioned issues, a series of test calculations have been carried out as below.

A. Look-up table method
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Fig. 5 compares the results obtained by direct calculation with the SUPERTRAPP and the look-up table method
under a cracking conversion rate of 32%. Compared to the direct calculation subroutine, a speedup ratio of around 50
has been achieved in present work. It is also clear that the excellent agreements between the two methods are obtained.
The maximum relative error of the two methods is within 0.5%, which implies that the look-up table method gains

cceptable accuracy
800 25 5
Direct Calculation | L
--------- Look-up Table — 20} o
600 = =
o 2 r 3 MPa g
g & 15 &
&0 400 = 2
= =2 10f B
N A MEx b 4 MPa =
200 4 MPa ¢ o =y
.n/ =5 =
0 | i T T 0 | L 1 L
! 500 — 1000 1300 500 1000 1500 1500
a) TIK] b) T[K] c)

Fig. 5. Comparisons between the direct calculation and the look-up table method: a) density, b) heat capacity
and c) viscosity

B. Pressure drop in the channel

Referring to the experiments of Yang et al. [4], a circular tube with an internal diameter of 2 mm and the length
of 670 mm is adopted as benchmark. The corresponding critical parameters of the coolant are summarized in Table 1.
As presented in Fig. 6, it shows that the calculated results agree well with the experimental measurements, expect that
the pressure drop is slightly underestimated in the small mass flow rate range. Overall, the positive and negative slope
regions can be clearly distinguished in the calculation, and the stability boundaries are in consistent with the
experimental observation. Thus, the capability of the present numerical framework in capturing the multi-valued
hydrodynamic characteristics is validated.

Table 1. Mass fraction and critical parameter of the fuels

Fuel Mass fraction (%) Critical point

Pentane Cyclohexane  Pressure (MPa) Temperature (K)
Mix 1 100 0 3.37 469.75
Mix 2 30 70 3.60 491.60

Ap [kPa]

; I 1 L 4
m [g/s]

Fig. 6. Comparison between the present calculations and the experimental data at 4.5 MPa [4].

C. Cracking reaction

In this section, the model validation was conducted by following the experiment of Ward et al. [22]. The tube is
0.5 mm in diameter and 375 mm in length, and the flow conditions of this experiment are listed in Table 2. The heat
flux absorbed from the wall is calculated through the following formula:

qw = htc(Tw - Tf) (15)
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where h,. = Nu - k/d. N, is Nusselt number which is obtained by the modified Dittus-Boelter correlation:
Nu = 0.023Ref"Prf* (D01 (16)

In Eq. (16), Rey is the Reynolds number, Pry the Prandtl number, T, the temperature of the coolant, and T, the wall
temperature. The transient model is concerned with fluid flows and heat transfer of n-decane with mild endothermic
pyrolysis in a mini tube. Variations of conversion rate, bulk temperature, and fluid mixture density of n-decane are
depicted in Fig. 7. The predicted results are quite consistent with experiment data under the operating conditions.

Table 2. Flow conditons of the experiment

Flow rate Inlet temperature Operating Maximum wall
(mL/min) (K) pressure (MPa) temperature (K)
0.5 423.15 3.45 874

1.00 pe 1000 800
Present E

Ward et al. i = =

0.95-

CIOH2:

-~
0.90-

0.85__1 L I | I | L 400 L L ] L I 1 ! Oe—1 1 I
0.0 0.1 .2 0.3 0.4 0.0 0.1 .2 0.3 0.4 0.0 0.1 .2 0.3 0.4

] 0 5
a) x [m] b) x [m] c) x [m]

Fig. 7. Comparison between simulation and experiment data [22]: a) mass fraction of n-decane, b) bulk
temperature and c¢) density

D. Unsteady flow and heat transfer

To verify the simulation performance on unsteady flow of the present model, the bulk temperature of methane in
a heated channel is monitored. The test case follows the work in Ref. [24], in which the diameter of heated tube is 2
mm and the length is 300 mm. Moreover, the inlet velocity is 25.0 m/s, inlet temperature is 120 K, the exit pressure
is 8.0 MPa, and the heated power ranges from 3 to 7 MW/m?2. Three different cases are simulated in this section, and
the sampling point is in the middle of the heated channel. Despite its simplicity, the model agrees well with the
simulation data by Ruan et al. [24], which indicates that the proposed numerical framework can faithfully capture the

dynamical response to the hegting perfurbation
180 - Ref
Present
160+ -~ 00m o0mOnooo ooooo
M
E--.L
140 E/I}Juuu/uuuuu T
5.0 MW/m’ 7.0 MW/m~
3.0 MW/m™
] 1 1 i 1 1 1 i J
120¢ 0,003 0.01 0.013 0.02
t[s]

Fig. 8. Comparison between the numerical simulation and reference data [24]
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IV. Results and discussion

By employing the validated numerical framework, the flow dynamics in a single cooling channel are investigated
under various operating conditions. Before the system response under specific driving pressure drop can be evaluated,
it is helpful to first determine the characteristics of its steady state. In Fig.9, the pressure drop along a single horizontal
pipe is demonstrated as a function of the flow rate, whose geometric and operating conditions are summarized in
Table 3. Due to the drastic change of fluid density under supercritical conditions, there exists a negative slope region
in the internal characteristic curve, which poses the multi-valued phenomenon in heated channel flows. To facilitate
the descript of the stability patterns, the internal characteristic curve is divided into three parts, namely left branch,
right branch, and negative slope region as can be seenin Fig. 9(a). As illustrated in Fig. 9(b), there are three intersection
points between the internal and external characteristic curves with the operating point P being unstable.
Correspondingly, a slight disturbance in mass flow rate will lead to a spontaneous shift to left equilibrium point P'or
right equilibrium point P"'. This phenomenon involving a sudden change in the flow rate is the well-known Ledinegg
instability.

However, due to the flow hysteresis, the actual flow at equilibrium point may not closely conform the prediction
obtained by the linear analysis. Therefore, the transient flow processes of the cooling channel deviating from the initial
equilibrium position are conducted based on the present model, and the effect of external driving force is also studied.
In this paper, the original state of cooling channel is initialized using the steady flow of mass flow rate 2.5 g/s, which
is approximately at the maximum in the internal characteristic curve. And the concerned external driving pressure

drops.are respectively 12,0 kPa 11,0 kPa, 108 kPa 105 kPa 104 kPa 102 kPa 101 kPa and 10.0 kP3
14 14
i Negative slope region [ p
12 Left branch | 12+ 3
) : ) "“i
E - 1 ! \ % - 7 - - =
3 : : /B /
T 10 : ™ Right branch 3 w  SC (S
: : / Maximum point
| . /D Minimum point
S 1 N !I . 1 : | 1 ) ] b 1 " 1 L 1 N 1 | J
1.5 2 25 3 35 4 1:5 2 25 3 L] 4
a) m [g/s] b) m [g/s]
Fig. 9. a) Internal curve and b) The intersection points between internal and external curves.
Table 3. Simulation conditions for the heated circular tube
Diameter Connect length  Heated length Inlet temperature ~ Outlet pressure Heat flux
(mm) (mm) (mm) (K) (MPa) (MW/m?)
2.0 100 500 300 3.0 1.0

From the transient processes of the mass flow rate as shown in Fig. 10, it is clear that the external driving pressure
drop has a significant influence on the in-tube flow. On the equilibrium curve above the maximum point, there only
exists one intersection point between two characteristic curves. Thus, the flow rate in the channel is attracted to this
operating point, and finally stabilizes at the right equilibrium point, as Fig. 10(a) . For the flow in the left branch, it is
complicated and related to the external driving force. As the external driving force decreases, the trajectory of the flow
rate transfers from a stable node to a limit cycle. To describe the channel flow in detail, the equilibrium curve for the
steady-state solution is divided into four regions namely A, B, C, and D, as displayed in Fig. 9(b).

1) Region A: In this region, the intrinsic mass flow rate and pressure drop are relative lower than those of the
maximum point. Due to the lower driving force, the flow rate of the cooling channel decreases, and then converge
towards the left equilibrium point within a short time delay as can be seen in Fig 10(b) and (c).

2) Region B: Compared to the Region A, the difference between the driving force and initial pressure drop
becomes larger, and the dynamic instability appears in the channel, see the examples in Fig. 10(d) and (e). The flow
rate decreases first, and then flow oscillation starts after the flow excursion. The magnitude of oscillation grows to a
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certain value and then remains unchanged. Therefore, the trajectories converge to a stable limit cycle. Besides, the
oscillation’s amplitude increases but the frequency decreases, as the external driving force decreases.

3) Region C: Compared to the flow in Region B, the oscillation’s amplitude of the flow rate becomes larger. If
observing from the internal characteristic curve, the operating state can shift from left branch to the right one.
Therefore, after being fully developed, the cooling channel may stabilize at the right equilibrium point, such as Fig.
10 (f).

4) Region D: The pressure drop is lower or slightly higher than the minimum of the internal characteristic curve.
The flow rate can also cross the negative slope region and reach the right branch, but the right equilibrium point is so
close to the minimum position, or nonexistent. Under the action of the dynamic feedback of the system, it can no
longer stabilize at the right branch of characteristic curve. Hence, a low-frequency flow oscillation with relatively
large amplitude emerges, such as Fig. 10 (g) and (h). Moreover, the oscillation’s amplitude and frequency increase
with the decrease in the external driving force

4r A
) )
@ £~
Lp) 2 2t
S st

0 ' o 15 20  © ' 10 05 30
a) t[s] b) t[s]

-
T
fad
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Fig. 10. Temporal evolution of the mass flow rate under various driving pressure drops of a) 12.0 kPa, b) 11.0
kPa, ¢) 10.8 kPa, d) 10.5 kPa, €) 10.4 kPa, f) 10.2 kPa, g) 10.1 kPa and h) 10.0 kPa

Obviously, the results obtained by transient model is not identical to the ones predicted by linear analysis based
on the quasi-steady state assumption. Especially, there exists a certain range in internal characteristic curve, where the
mass flow rate can oscillate from the left equilibrium point to the right one, and finally stabilizes at the right branch.
This phenomenon has rarely been reported in the previous literatures.

To further illustrate the temporal evolution of the channel flow, a detailed discussion on several typical conditions
is presented. Three operations with driving pressure drops of 10.4 kPa, 10.2 kPa and 10.1 kPa are compared as shown
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in Fig. 11. The limit cycle composed of inlet and outlet flow rate could be divided to three stages. First, both the inlet
and outlet flow rates decrease, nevertheless the former to a larger extend. Second, the inlet flow rate increases, while
the outlet flow rate continues to reduce. Third, the outlet flow rate raises rapidly, whereas the flow rate at the inlet
declines slightly. In the third stage of the flow evolution, the mass flow rate in the entire channel remains the same
level in a short period, which can be approximated as a steady state of the internal characteristic curve. If its pressure
drop is smaller than the external driving force, the flow rate can overshoot to the right equilibrium point and stabilize
right branch

4 4
3 3
2 Y = T
= ot i . = o
& i Z
1 1
I | I 1 I 1 L L 1 I 1 I | L
% | 2 3 4 % | 2 3 4
a) m, [&s] b) m, [&s]
4
3
2+

m_ [g/s]

=
D=

c) m [g_fs]

n

Fig. 11. The limit cycles under driving pressure drop of a) 10.4 kPa, b) 10.2 kPa and c) 10.1 kPa

V. Conclusions

To deepen the understanding of the flow characteristics of supercritical hydrocarbon fuels in the regenerative
cooling system, this paper developed a one-dimensional transient simulation model. The reliability of the model was
validated against the associated experiments and existing numerical simulations, then the effect of external driving
pressure drop on the flow evolution was thoroughly discussed. The main conclusions are as follow:

1) The calculated results in this paper are in good agreement with the relevant experimental data, which indicates
that the present transient model is reliable to study the problem of flow instability in the cooling channels using
hydrocarbon fuels. By exploiting this model, it is helpful to deepen the understanding of the mechanism of flow
instability for the hydrocarbon flow under supercritical condition in the cooling channels.

2) Through a serial of transient simulations, it is observed that the operating point in the right branch is stable,
while the one working in the negative slope region is unstable, which is consistent with the prediction obtained with
steady state linear stability analysis.

3) The flow is more complex in the left branch. As the external driving force decreases, it can be divided into
several scenarios. a) When the operating point is close to the maximum point, the flow in the cooling channel is stable.
b) The flow pattern transforms from stable node to a limit cycle with a constant-oscillation amplitude. Besides, as the
external pressure drop decreases, the amplitude increases but the frequency decreases. ¢) The flow rate in the channel
oscillates from the left equilibrium point to the right one, and finally stabilizes at the right branch. d) The channel flow
behaves as a low-frequency oscillation with a relatively large amplitude. Moreover, both the oscillation’s amplitude
and frequency increase with a decreased external driving pressure drop.
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