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Abstract: In the propulsion system of cryogenic liquid rockets, low-frequency pressure oscillation
is a long-standing issue occurring in its feeding pipe, and is not conducive to the normal operation
of the rocket. Its mechanism and excitation process are not very clear due to the limitation of the
existing numerical method and the difficulty of the real dynamic experiment. Inspired by the periodic
suck-back flow phenomenon of steam condensation, the fluctuation of the two-phase interface might
be the crucial factor to initiate the low-frequency pressure oscillation. To simulate this interfacial
characteristic of cryogenic propellant, a novel numerical model is proposed to predict the mass
transfer rate weighted by the interfacial curvature. Aiming at the oxygen jet condensation simulation,
the low-frequency pressure oscillation phenomenon is obtained successfully with the excitation
frequency of 10.6 Hz, consistent with the natural frequency of the engine test run. It is conducted
so the low-frequency pressure oscillation is caused by the periodic condensation of the continuous
oxygen vapour plume, along with an oxygen suck-back flow phenomenon. In addition, the results
indicate that both the oxygen and liquid oxygen mass flux promote the rise in the frequency of
pressure oscillation. These conclusions provide theoretical instructions for the design and operation
of the propulsion system of a cryogenic liquid rocket.

Keywords: oxygen jet condensation; heat transfer; mass transfer; curvature estimation; low-frequency
oscillation

1. Introduction

Low-frequency pressure oscillation is a long-standing issue occurring in the feeding
pipe of the cryogenic rocket-propulsion system [1]. It is harmful to the normal operation
of the cryogenic rocket engine, which may occur at any moment during the launch flight.
It will cause the resonance phenomenon of the rocket, resulting in structural damage.
Figure 1a shows the typical pressure oscillation curves of the feeding pipe system during
the whole rocket flight. From the enlarged view in Figure 1b, the fluctuation phenomenon
exhibits low-frequency characteristics with a frequency of approximately 7~8 Hz. There is a
consensus [1,2] that low-frequency pressure oscillation occurs in the liquid oxygen-feeding
pipe of the propulsion system. It may be relevant to the oxygen jet condensation in the
oxygen delivery pipe. However, the mechanism of low-frequency pressure oscillation is
not very clear yet. Further fundamental research is needed on the excitation frequency of
the pressure oscillation in oxygen jet condensation.

Few scholars have investigated the mechanism of pressure oscillation in the feeding
pipe system. Up to now, the prevailing view [1,3–5] is that the low-frequency pressure
oscillation is caused by the oxygen jet condensation process in liquid-oxygen flow in the
delivery pipeline. Chen et al. [1] studied the intrinsic frequency of the oxygen-feeding
system using the acoustic theory and the second-order intrinsic frequency was 8.77 Hz.
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Chen et al. [5] conducted a modal analysis on the YF-100 engine system and the first-
order intrinsic frequency was 14.2 Hz. Zhang et al. [4] adopted the transfer matrix model
and obtained the second-order intrinsic frequency of 11 Hz. However, these studies can
only obtain the intrinsic frequency of the liquid oxygen feeding-pipe system, which is the
inherent attribute of the system. These results cannot reveal the mechanism of the pressure
oscillation. Therefore, to validate the mechanism of pressure oscillation in the propulsion
system, it is essential to study the oxygen-jet condensation process and eventually obtain
the excitation frequency of pressure fluctuation.

Figure 1. The typical inlet pressure fluctuation curves during dual engines test run [1]. (a) Inlet
pressure variation with time; (b) Local enlarged view.

Oxygen jet condensation is a form of direct contact condensation (DCC) with cryogenic
fluid. The DCC process has been widely used in many industrial applications due to its
high efficiency of heat and mass transfer. The experimental method is mainly used in this
field, and there is very little numerical research on pressure oscillation in the DCC process.
It is difficult to calculate the pressure oscillation frequency accurately [6]. Mass transfer rate
evaluation through the two-phase interface is the key to the DCC numerical simulation. The
energy balance model [7] is the most acceptable mass-transfer model and is commonly used
in the research of submerged condensation [8–11] and flow condensation [12–14]. However,
in this model, the interfacial area density is always treated by the algebraic spherical
model, and the mean bubble diameter (dg) is estimated by Anglart and Nylund’s [15]
experimental correlation. This method is just a numerical simplification without enough
physical basis, which cannot reflect the real interfacial oscillation characteristics and will
obtain an inaccurate result. For example, Tanskanen et al. [6] also found that the oscillation
frequency of the simulation was higher than that of the experiment. Li et al. [12,13,16]
conducted the steam flow condensation simulation by the energy balance model and found
that the frequency was overestimated. The experimental data for the large and small
chugging frequencies were 3.7 Hz and 9 Hz, while the numerical data were 6 Hz and 13 Hz,
respectively [16], with a big deviation of about 44~62%. Therefore, it is necessary to develop
an accurate mass transfer model for direct contact condensation simulation.

In this paper, to reveal the mechanism of low-frequency pressure oscillation, an oxygen
jet condensation numerical simulation is conducted using a novel mass-transfer model.
The model combines the mass transfer rate and the curvature of the two-phase interface,
which can be calculated by the height function method. The new model is convincing
by the verification of a steam flow condensation simulation. The numerical results of
low-frequency pressure oscillation can be obtained by the new model successfully.



Processes 2022, 10, 2448 3 of 12

2. Numerical Method Description
2.1. Mass and Heat Transfer

This section describes the novel model to calculate the interfacial mass-transfer rate
based on the energy balance mass transfer model. The novelty of the new model lies in
the improvement of the algorithm for the interfacial area density. In the conventional
form of the energy balance mass-transfer model, the interfacial area density is treated as a
constant or calculated by the empirical correlation. In the new model, the interfacial area
density is real-time evaluated by the mean bubble diameter, the reciprocal of the interfacial
curvature. The height function method is introduced to estimate the interfacial curvature.
In this way, the fluctuation of the vapour–liquid interface can be expressed by the interfacial
area density, which will be delivered to the new model to update the distribution of the
interfacial mass-transfer rate. This numerical treatment is the key to the accurate capture
of low-frequency pressure oscillation in oxygen jet condensation. The specific volumetric
mass source term is described in the following form.

For the condensation process (T < Tsat):

Sv = −Sl =
kvαv(∇T · n̂)

hL
ρAi (1a)

For the evaporation process (T > Tsat):

Sv = −Sl =
klαl(∇T · n̂)

hL
ρAi (1b)

where the interfacial unit normal vector n̂ = ∇αl/|∇αl |; hL is the latent heat of condensa-
tion; the phase volume fraction term is added to Equation (1) to maintain the calculation
stability. For the condensation process, the mass is transferred from the vapour phase to
the liquid phase. The phase interface and liquid are both at saturated temperature with no
heat flux. Only the heat flux between the interface and vapour is considered, so the thermal
conductivity of vapour kv is used in Equation (1a) for heat flux calculation. Similarly, for
the evaporation process, the thermal conductivity of liquid kl is included in Equation (1b).

Based on the volumetric mass source term, the energy source term is the product of
the mass transfer rate and the latent heat of condensation.

For the condensation process (T < Tsat):

Sh = kvαv(∇T · n̂)ρAi (2a)

For the evaporation process (T > Tsat):

Sh = klαl(∇T · n̂)ρAi (2b)

In Equations (1) and (2), the interfacial area density ρAi is calculated by the algebraic
spherical method. However, the mean bubble diameter dg is the reciprocal of the interfacial
curvature κ with a strict physical basis. The interfacial curvature is estimated by the
height function method fHF, described in [17,18]. This is the key to the whole novel
mass-transfer model.

ρAi =
6
dg

, dg =
2
κ

, κ = fHF(αv) (3)

The height function method has been widely used in the simulation of surface tension
force based on the volume of fluid (VOF) or level set (LS) model. It is used to obtain a more
accurate curvature value of the phase interface. Guo et al. [17,18] have proposed a modified
both 2D and 3D height-function method to replace the default continuum surface force
(CSF) model. The height function method is implemented into the commercial software
ANSYS Fluent by the User Defined Function (UDF) and the detailed procedures can be
referred to [17].
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2.2. Governing Equations

The volume of fluid (VOF) method is used to capture the two-phase interface [2]. The
governing equations of continuity, momentum, and energy are described as follows.

For the numerical simulation of pressure oscillation, the compressible vapour phase is
recommended to be set for the primary phase. The continuity equation of mass conservation
for the second phase, the liquid phase, is shown as:

∂

∂t
(αlρl) +∇ · (αlρl

⇀
v l) = ∑ (

.
mvl −

.
mlv) (4)

The term on the right hand
.

mvl is the mass transfer rate from the vapour phase to
the liquid phase, described in Section 2.1. The volume fraction of the primary phase is
calculated in the following form:

αl + αv = 1 (5)

The momentum and energy equations are solved throughout the mixture phase level,
shown in Equations (6) and (7) and the obtained velocity and temperature fields are shared
among the vapour and liquid phase:

∂

∂t
(ρm

⇀
v ) +∇ · (ρm

⇀
v
⇀
v ) = −∇p +∇ · [µm(∇

⇀
v +∇

⇀

vT)] + ρm
⇀
g +

⇀
Fvol (6)

∂

∂t
(ρmE) +∇ · [⇀v (ρmE + p)] = ∇ ·

(
ke f f∇T

)
+ Sh (7)

where the effective thermal conductivity ke f f is the sum of mean thermal conductivity

km and turbulent effect cp/µPr. The term
⇀

Fvol in the momentum equation describes the
interfacial surface tension and it is a form of external body force deduced from the surface
force based on the continuum surface force (CSF) model [19]:

⇀
Fvol = σ

2ρmκ∇α

ρv + ρl
(8)

where κ is the interfacial curvature, calculated by the height function method. The source
term Sh is the heat flux, generated from the interfacial mass transfer process described in
Section 2.1.

In the above equations, the physical properties with subscript m can be determined by
the phase volume fraction in each cell of the domain, shown in Equation (9). The symbol φ
represents the density, viscosity, and thermal conductivity:

φm = αvφv + αlφl (9)

The detached eddy simulation (DES) model is employed for the turbulent flow, which
combines the best of both the large eddy simulation (LES) model and the SST k − ω
turbulence model. The SIMPLE algorithm is adopted to couple pressure and velocity.

2.3. Physical Model and Grid

For the oxygen jet condensation process in the propulsion system of cryogenic liquid
rockets, Figure 2a illustrates a specific structure of the oxygen-feeding pipe between two
pumps. This pipe consists of an annular gas inlet, an annular liquid inlet, and a circular
outlet, while the other boundaries are treated as walls. The mass flow inlet and pressure
outlet are adopted in the simulation. The high-temperature oxygen vapour (GOX) is
injected from the gas chamber into the main pipe through two rows of holes and completely
condensed into liquid oxygen. Each row consists of 32 holes circumstantially aligned on
the sidewall of the main pipe.
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Figure 2. The specific physical model of the condenser pipe and corresponding grid system.
(a) Structure of condenser pipe; (b) numerical grid system.

The calculation zone is discretised into unstructured grids. The corresponding grid
system is constructed according to the size of the feeding pipe, as shown in Figure 2b. The
polyhedral mesh is adopted and the local mesh is refined at the injection holes, where the
intense phase change occurs, highlighted in red in the enlarged view of Figure 2b. The
detailed operation conditions are listed in Table 1. The subcooling temperature of liquid
oxygen is approximately 33 K. The physical properties of GOX and LOX are obtained from
NIST PROP [20].

Table 1. The detailed operation condition.

Parameter Item Value Unit

Back pressure of pipe 1.22 MPa
GOX mass flow rate 1.5 kg·s−1

LOX mass flow rate 90 kg·s−1

GOX temperature 150 K
LOX temperature 90 K

In addition, a grid independency study was conducted using four qualities of a grid
system with grid numbers 190,560, 358,650, 489,570, and 598,500, respectively. Figure 3
shows the gauge pressure variation with time at the site of the injection hole for different
grid numbers. It is proved that grid number 489,870 can be used for reliable and accurate
results with lower computation cost. According to our previous study [2], a constant time
step 5 × 10−5 s is used for transient simulation to guarantee the Courant number (CFL)
no > 1.

Figure 3. The pressure variation with time with different grid numbers in the grid independency study.
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3. Result and Discussion
3.1. Validation for Steam Flow Condensation

In this section, Wang’s experimental data for the steam flow condensation are adopted
to validate the proposed mass transfer model. The physical model of the experimental
system can be seen in [21]. In Wang’s experiment, the subcooled water flows along the
horizontal main pipe, while the saturated steam is injected from the vertical branch pipe. So,
the direct contact condensation will occur at the T-junction of the two pipes. The detailed
experimental conditions are listed in Table 2.

Table 2. The detailed experimental conditions of Wang’s experiment.

Parameter Item Value Unit

Diameter of the main pipe 60 mm
Length of the main pipe 500 mm
Diameter of branch pipe 15 mm
Length of branch pipe 1000 mm
Steam mass flow rate 10 kg·h−1

Water temperature 40 ◦C
Water volume flow rate 2 (case A), 4 (case B) m3·h−1

Besides, the water periodic suck-back phenomenon is captured by the experiment
in [22] and the present numerical model, shown in Figure 4. At a particular moment, the
subcooled water will be sucked up into the branch pipe due to steam condensation. When
the overheated steam contacts the subcooled water, a low-pressure zone is formed at the
T-junction due to the intense mass transfer. Then, the water will be sucked up into the
vertical pipe, driven by the local pressure drop and capillary force.

Figure 4. The distribution of steam volume fraction during the condensation process in case A.
(a) numerical results by the present model; (b) Wang’s experimental data [23].

In the case of B, Figure 5 shows the distribution of steam volume fraction at four
particular moments in time (0.10 s, 0.33 s, 0.65 s, 1.60 s). At t = 0.65 s, a portion of subcooled
water is sucked up into the steam branch pipe. The steam plume formed in the main pipe
is unstable and swinging with time.

Figure 6 shows the history profile of gauge pressure fluctuation at the T-junction
by experimental and numerical methods. From the comparison, it is found that several
periodic pressure peaks are reaching about 300 kPa, which are consistent in both the
experimental and numerical data. The waveform of pressure oscillation of numerical
results achieves excellent agreement with that of the experimental data. By the spectral
analysis, the first dominant frequency of the numerical results is 8.9 Hz, very close to the
experimental data of 10 Hz. So, it is proved that the proposed new model is convincing for
obtaining the pressure oscillation in the DCC process.
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Figure 5. The distribution of steam volume fraction during the condensation process in case B.

Figure 6. The history profile of pressure oscillation at the site of T-junction. (a) experimental data [21];
(b) numerical results by the present model.

3.2. Low-Frequency Pressure Oscillation

The numerical results of the low-frequency pressure oscillation phenomenon can
be obtained by the numerical method mentioned in Section 2. The specific calculation
procedure and numerical parameters are omitted to avoid repetition, refer to Section 2
for details.

Owing to the two-phase flow condensation in the main pipe, the numerical results
show strong flow instability. Figure 7a shows the pressure fluctuation with time at the site
of the injection hole. The dotted line represents the background pressure (1.22 MPa) of the
liquid oxygen feeding-pipe. After the short-time Fourier-transform, shown in Figure 7b,
the first dominant frequency of pressure oscillation is 10.6 Hz.
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Figure 7. The numerical results of the low-frequency pressure oscillation phenomenon. (a) pressure
oscillation; (b) corresponding spectrum graph.

To study the mechanism of low-frequency pressure oscillation, Figure 8 shows the
shape history of the oxygen vapour plume varying with time. A length of stable vapour
plume is formed from the injection hole along the wall of the main pipe. The oxygen
vapour suck-back phenomenon is also found in the cryogenic DCC process. The fluctuation
frequency of the oxygen plume is 10.6 Hz, the same as the first dominant frequency of
pressure oscillation. Therefore, the low-frequency pressure oscillation, shown in Figure 7a,
is mainly caused by the periodic condensation of the oxygen plume at the site of the
injection hole.

Figure 8. The distribution of gas volume fraction at six particular points at the time.

Besides, Figure 9 illustrates the quantitative periodic oscillation characteristic of several
parameters in the period of 5~6 s. In Figure 9a, when the overheated GOX flows into the
main pipe, the injection holes are filled with oxygen vapour. So, the temperature at the
injection hole is about 150 K, the same as the temperature of GOX. When the liquid oxygen
suck-back phenomenon occurs, the injection holes are gradually filled with liquid oxygen.
The temperature at the injection hole begins to decrease from 150 K to 90 K, the same as
the temperature of LOX. In Figure 9b, each peak of the density variation curve represents
the occurrence of the liquid oxygen suck-back phenomenon. When the injection holes are
filled with liquid oxygen, the oxygen vapour in the branch gas pipe is compressed violently
and its kinetic energy is converted to internal energy. The oxygen density can increase
acutely up to about 55 kg·m−3. In this way, Figure 9b,d shows that the density and velocity
at the injection holes have the opposite trend. Owing to the compressibility of oxygen,
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the velocity of oxygen at the gas inlet is unsteady, as shown in Figure 9c, although the
oxygen mass flow rate is the constant of 1.5 kg·s−1. As shown in Figure 9e,f, the mass flow
rate at the outlet and the total volume of oxygen also show a regular periodic variation
characteristic with the same frequency.

Figure 9. The periodic oscillation characteristic of several parameters. (a) temperature at injection
hole; (b) density at injection hole; (c) gas inlet velocity; (d) gas velocity at injection hole; (e) mass flow
rate at outlet; (f) total volume of oxygen vapour.
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3.3. Effect of Oxygen Mass Flow Rate

Figure 10 shows the comparison of pressure oscillation frequency between the numer-
ical results (blue) and the experimental data (red). The red zones represent three different
operating conditions during the engine test run. The numerical results of frequency agree
well with the experimental data for the cryogenic rocket test-run. The frequency of pressure
oscillation rises with the increase in background pressure. Moreover, with the increase in
liquid oxygen temperature, the frequency reduces monotonically. It also implies that the
frequency of pressure oscillation rises with the increase in subcooling.

Figure 10. The numerical results (blue) and experimental data (red) of the frequency of different
working conditions.

To investigate the effect of mass flow rate on the low-frequency pressure oscillation,
several different mass flow rates of liquid oxygen and oxygen vapour are adopted for
the numerical simulation. As shown in Figure 11, the frequency of pressure oscillation
rises with the increase in both liquid oxygen and oxygen vapour mass-flow rate. It can be
deduced that increasing the mass flow rate of liquid oxygen and oxygen vapour properly
is a desirable approach to avoid the low-frequency pressure oscillation in the feeding pipe
system of the cryogenic liquid rocket.

Figure 11. The effect of oxygen mass flow rate on the frequency.
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4. Conclusions

In a feeding pipe system of cryogenic liquid rockets, low-frequency pressure oscilla-
tion is a suspending problem on the oxygen jet condensation. In this paper, an oxygen
jet condensation simulation was conducted by a novel mass transfer model. The new
model combines the interfacial curvature and mass transfer rate. It is the key factor to
determine the frequency of pressure oscillation. The new model is validated by a steam jet
condensation simulation and the corresponding result is in very good agreement with the
experimental data.

As for the mechanism of low-frequency pressure oscillation, it is caused by the periodic
condensation mass-transfer rate of the continuous oxygen vapour plume, along with a
periodic suck-back flow phenomenon in the injection hole of vapour oxygen. The excitation
frequency of pressure oscillation is 10.6 Hz under certain working conditions, which is
close to the natural frequency of the engine test run. In addition, the results indicate that
both the oxygen and liquid oxygen mass flux promote the rise in the frequency of pressure
oscillation. The frequency also rises with the increment of liquid oxygen subcooling. These
conclusions provide theoretical instruction for the design and operation of the propulsion
system of a cryogenic liquid rocket.
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