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Influence of initial conditions in low-pressure chamber on the degree of

expansion of the boiling liquid nitrogen jet
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The dynamics of boiling a cryogenic nitrogen jet flowing through a thin conical nozzle into a vacuum chamber

from a high-pressure vessel has been studied. To describe the process, a spatial axisymmetric two-phase model of

a vapor−liquid mixture is proposed in a two-temperature, two-velocity, one-pressure approximations, taking into

account nonequilibrium evaporation and condensation processes. The rate of mass transfer depends on number

and radius of bubbles, degree of overheating in temperature, heat of vaporization, thermal conductivity coefficient

and the Nusselt and Jacob numbers. The formation modes of jet flow velocity fields are studied and quantitative

estimates of the spray angle magnitude in the jet are obtained depending on the initial pressure in the vacuum

chamber. The reliability of the obtained results is estimated by comparison with experimental data.

Keywords: liquid nitrogen, boiling jet, cryogenic temperatures, vacuum chamber, numerical simulation

DOI: 10.61011/TPL.2024.12.60342.6455k

Issues related to the reliability of operation and reduction

of spacecraft jet engines cost have recently become rather

significant and dictate the need to conduct experimental and

theoretical research aimed at studying the modes of high-

speed outflow of cryogenic boiling liquids through nozzles

into vacuum.

The present study provides the analysis of the influence

of changes in the initial pressure in a vacuum system

on the process of formation of expanding jets of liquid

nitrogen sprayed from a thin cylindrical nozzle based on

experimental data [1]. This work is a continuation of our

previous studies [2,3], where various modes of cryogenic

liquid nitrogen outflow were examined depending on the

degree of superheat.

The initial temperature and pressure in a high-pressure

vessel in experiments [1], which were used as the ba-

sis for analysis, were as follows: Tin j = 82.5K and

pin j = 4 · 105 Pa. Backpressure pc in a low-pressure cham-

ber and degree of superheat Rp = ps(Tin j)/pc (ps is the

saturation pressure) for the simulated experiments are listed

in Table 1. The geometric dimensions of the problem, which

were set for numerical modeling in accordance with the data

from [1], are given in Table 2.

A two-phase model of a vapor-liquid mixture in two-

temperature, two-velocity, and one-pressure approximations

with account for contact heat transfer and nonequilib-

rium mass-transfer processes of evaporation and condensa-

tion [4,5] was developed in order to solve this problem. The

system of model equations is given in a three-dimensional

Cartesian coordinate system:

mass conservation equations for phase i

∂(αiρi)

∂t
+ div(αiρivi) = J i j, (1)

momentum conservation equations for phase i

∂(αiρivi)

∂t
+ div(αiρivivi)

= −αi∇p + div(αiτi) + Fi,drag + Fi,νm + J i jvi , (2)

and total energy conservation equations for phase i

∂(αiρiEi)

∂t
+ div(αiρi Eivi) = −p

∂αi

∂t
− div(αivi p)

+ div(αiγi,e f f ∇hi) + Kht(Tj− Ti) + div(αiviτi) + ls J i j .

(3)
The virtual mass force is

Fi,νm = 0.5αlρg

(

divi

dt
−

d jv j

dt

)

.

The interfacial drag is characterized by the

Schiller−Naumann model:

Fi,drag =
3

4
αlCD

ρg

dl0
(vi − v j)

∣

∣vi − v j

∣

∣.

The following notation is used in Eqs. (1)−(3): ρi is

density, Ti is temperature, αi is volume content, vi is

velocity, J i j is the rate of mass transfer between phases

Table 1. Initial data of simulated experiments

Experiment Backpressure Degree

number pc , 10
5 Pa of superheat R p

1 0.56 3.2

2 0.256 7.0

3 0.036 52.3
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Figure 1. Comparison of experimental photographic images [1] (a, c) and calculated distributions of intensity and velocity vector field

(b, d) for a liquid nitrogen jet at t = 120ms. R p2 = 7.0 (a, b) and R p3 = 52.3 (c, d).

i and j , p is pressure, τi = µi(∇vi + ∇vT
i ) − 2

3
(µidiv vi)I is

the viscous stress tensor, I is a unit tensor, µi is dynamic

viscosity, Ei = ei + Ki is the total energy in the form of

a sum of internal and kinetic energies, γi,e f f is effective

temperature conductivity, hi is enthalpy, v = αlvl + αgvg is

the velocity of a vapor-liquid mixture, Kht =
κg

dl0
Nu is the

heat transfer coefficient, κg is the thermal conductivity

of gas, Nu is the Nusselt number, ls is the heat of

vaporization/condensation, and dl0 is the droplet diameter.

Subscripts i , j (i 6= j) correspond to liquid (l) or gas (g)

phases.

The thermodynamic properties of the nitrogen gas phase

are characterized by the Peng−Robinson equation of

state [6]. Following [3,7,8], we characterize the properties

of liquid nitrogen by the linear in temperature and density

equation of state.

In accordance with [9], evaporation rate J lg is assumed

to depend on number n and radius a of bubbles, saturation

temperature Ts(p), heat of vaporization ls (T ), thermal

conductivity coefficient λl , and Nusselt number Nu:

J lg = 2πanNu λl

(

T − Ts(p)
)

/ls (T ). (4)

The liquid−vapor phase transition occurs under nonequi-

librium super-heated conditions, when the temperature

of the medium exceeds the saturation temperature [3,9]:
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Table 2. Geometric dimensions of the simulated setup

Dimension High-pressure Intermediate Conical Vacuum

chamber pipeline nozzle chamber

Length x , m 0.136 0.12 0.03 0.225

Radius y , m 0.034 7 · 10−3 0.5 · 10−3 0.15

T > Ts(p) + 1Ts , where 1Ts is the degree of superheat in

temperature.

The proposed model of a vapor-liquid mixture specified

by Eqs. (1)−(4) was implemented in a computational fluid

dynamics package [10] with the use of a solver developed by

the authors. At the internal boundaries of the computational

domain, the conditions of zero normal components of phase

velocities (v in = 0) are applied in accordance with the flow

slip regime.

The results of numerical simulation and the corresponding

experimental data [1] are presented in Figs. 1 and 2.

Figures 1, a, c show the experimental photographic

images of a liquid nitrogen jet spraying at time point

t = 120ms with initial injection temperature and pressure

Tin j = 82.5K, pin j = 4 · 105 Pa at degrees of superheat

Rp2 = 7.0 (a) and Rp3 = 52.3 (c). Figures 1, b, d present

the calculated velocity distributions in the form of a

color spectrum and a field of velocity vectors (a color

version of the figure is available online), which specify

the flow directions obtained in the conditions similar to the

experimental ones [1] (see panels a and c, respectively).
Vortex zones formed at the time point of 120ms are

visible in Figs. 1, b, d. With degree of superheat Rp2 = 7.0

(Fig. 1, a), multiple toroidal vortices are formed near the

axis of symmetry and along the rear boundary of the

vacuum chamber. At the time point under consideration, the

reflection of a jet from the rear boundary and propagation

to the side boundary of the chamber is revealed. The jet

velocity in the axial section is ∼ 22m/s. When the jet

reaches the side boundary, its velocity decreases to ∼ 5m/s.

The jet reaches the rear surface of the vacuum chamber and

the side boundary at t = 50ms and t = 120ms, respectively.

In this case, the jet flow is localized along the axis of

symmetry and on the rear surface (Fig. 1, b).

The numerical results obtained at high degree of super-

heat Rp3 = 52.3 (Fig. 1, d) revealed a fundamental change

in the nature of jet flow formation (relative to the outflow

mode at Rp2 = 7.0). The jet reaches the rear surface of

the vacuum chamber and the side boundary at time points

t = 25ms and t = 60ms, respectively. In this case, the

flow velocity in the axial section, on reaching the side

boundary, and at the front boundary is ∼ 30m/s, ∼ 10m/s,

and ∼ 5m/s, respectively.

The formation of one large toroidal vortex encompassing

almost the entire vacuum chamber is seen in calculations

at Rp3 = 52.3. The direction of the velocity field of the

forming vapor-droplet flow is shown in Fig. 1, d. It is crucial

to note here that the process of formation of the maximum
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Figure 2. Dependence of spray angle θ on distance x/D at

degrees of superheat R p1 (1), R p2 (2), and R p3 (3). Symbols and

curves represent the experimental data from [1] and the calculation

results.

spray angle differs fundamentally from the one revealed in

calculations for Rp2 = 7.0 (Fig. 1, b). At Rp3 = 52.3, the

spray angle is formed by the jet flow directed along the

axis of symmetry, the rear and side boundaries, the front

boundary, and the main jet flowing out of the nozzle. At

the time point of 120ms, the maximum jet spray angle is

formed by the reverse jet flow, which is illustrated by the

velocity vector field in Fig. 1, d.

Figure 2 presents a comparison of experimental points

and calculated dependences of the spray angle in sections

located at distances x/D from the nozzle. The degrees

of superheat are Rp1 = 3.2, Rp2 = 7.0, and Rp3 = 52.3.

Spray angles θ for experiments [1] were obtained using

the algorithm of post-processing of shadow images of the

formed jet at time t = 120ms.

Thus, the study of dependences of the spray angle of a

liquid nitrogen jet on the degree of superheat performed by

implementing model (1)−(4) numerically revealed that the

largest spray angle is found in the near field of the nozzle

(x/D = 1). The jet expansion angle increases with degree

of superheat. The spray angle decreases with distance from

the nozzle, which is consistent with the experimental data

from [1].
Calculations revealed certain features of formation of

velocity directions of the vapor-droplet flow at degree of

superheat Rp3 = 52.3 that are induced by the emergence of

reverse flows forming jet spray angle θcalc
R p3

≈ 180◦, which

was observed experimentally [1] (Figs. 1, c and 2).
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