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Modeling the boiling process of a liquid nitrogen jet outflow through

a thin nozzle into a vacuum under cryogenic temperatures
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The process of liquid nitrogen jet outflow from a high-pressure vessel through a thin nozzle into a vacuum

chamber is numerically investigated using the two-phase model of a vapor-liquid mixture in two-temperature,

two-velocity, one-pressure approximations, taking into account non-equilibrium processes of evaporation and

condensation. The wide-range equation of state in analytical form is used to describe the thermodynamic properties

of the liquid and gas phases. Rate of mass transfer during evaporation is assumed to depend on the number and

radius of bubbles, heat of vaporization, and degree of superheating. Features of the velocity field, formed by the

expanding jet flow for the degree of superheat by pressure of 60, are considered. The obtained calculated velocity

distribution of the boiling jet flow is in satisfactory agreement with the experimental data.
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The issues of cryogenic boiling liquid outflow from

nozzles are an important area of experimental and theo-

retical research, since an understanding of these processes

is crucial for the design of rocket engines in the context

of ensuring their reliability and operating efficiency. Low

boiling temperatures of liquids make it significantly harder

to perform experiments in such regimes. New experimental

data characterize in detail the dynamics of boiling of liquid

nitrogen jets [1–3], which is important for modeling and

studying the processes under examination, as well as for

verifying the available models of vapor-liquid media [4–6].
The present study is a continuation of a series of original

works [5,6] where the regimes of cryogenic liquid nitrogen

outflow were examined experimentally under various de-

grees of superheat [1]. A developed by authors two-phase

model of a vapor-liquid mixture was used in it. Unlike [5,6],
this model includes a new wide-range analytical equation of

state of nitrogen for liquid and gas phases [7]. The model

was implemented numerically in the form of a new solver

in the OpenFOAM [8] software. The features of forming

velocity fields and distributions of the volumetric droplet

content in an expanding jet flow were investigated for a

degree of superheat Rp = ps(Tin j)/pc = 60 higher than the

one in [5,6]. Here, ps(Tin j) is the saturation pressure at

temperature Tin j in the high-pressure chamber and pc is

the backpressure in the vacuum chamber. Experiments with

such flow regimes were carried out in [1,3] using the setup

shown schematically in Fig. 1. Its geometric dimensions

used in model calculations are listed in Table 1. The initial

conditions set in the experiments chosen for study [1,3] are
presented in Table 2. The outflow of a boiling jet was

imaged in experiment [1] (see the corresponding conditions

in Table 2) at a time of 120ms (Fig. 2, a) using high-

speed schlieren photography. The measurements of the

spatial distribution of droplet velocities were performed

in [3] under conditions 2 (Table 2) using a phase Doppler

anemometry (PDA) system (Fig. 3). It was assumed in [1,3]
that the conditions of experiments 1 and 2 (Table 2) were

the same within reasonable error; therefore, it is fair to

conduct a joint analysis of both experiments 1 and 2.

The main equations of the two-phase spatial model of

a vapor-liquid mixture in two-temperature, two-velocity,

and one-pressure approximations with account for contact

heat transfer and nonequilibrium mass-transfer processes of

evaporation and condensation [9,10] are as follows:

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

∂(αiρi Ei)

∂t
+ div(αiρiEivi) =

= −p
∂αi

∂t
− div(αivi p) − div(αivi · τi)

+ div(αiγi,e f f ∇hi) + Kht(Tj − Ti) + ls J i j . (3)

The virtual mass force is

Fi,νm = 0.5αlρg

(

divi

dt
−

d jv j

dt

)

.

13



14 R.Kh. Bolotnova, E.F. Gainullina

Table 1. Geometric dimensions of the setup [1,3]

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

Table 2. Initial conditions of the simulated experiments [1,3]

Experiment Temperature Tin j Pressure pin j Backpressure Degree

in the high-pressure in the high-pressure pc , Pa of superheat

chamber, K chamber, Pa R p = ps (Tin j)/pc

1 [1] 90.5 5.5 · 105 55 · 102 69

2 [3] 89.7 4.4 · 105 73 · 102 60

x

y

1 2 3

Figure 1. Diagram of the simulated experiment [1,3]. 1 — liquid

nitrogen chamber, 2 — injector unit, and 3 — vacuum system.

The interfacial drag was characterized by the

Schiller−Naumann model:

Fi,drag =
3

4
αlCD

ρg

dl0
(vi − v j)|vi − v j |.

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

density, Ti is temperature, αi is volume content, vi is the ve-

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

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

3
(µidivvi)I is

the viscous stress 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, Kht =
κg

dl0
Nu is the heat transfer

coefficient, v = αlvl + αgvg is the velocity vector of a vapor-

liquid mixture, κg is the thermal conductivity of gas, dl0 is

the droplet diameter, Nu is the Nusselt number, and ls is the

heat of vaporization/condensation. Lower indices i , j = 1, 2

correspond to the liquid (l) and gas (g) phases (i 6= j).

The thermodynamic properties of vapor and liquid phases

of nitrogen were characterized by the wide-range equation

of state [7] in the form of a sum of elastic and thermal

components of pressure and internal energy: p = pp + pT ,

e = ep + eT ,

pp(ρi)=A

(

ρi

ρ0

)

−β+1

exp

[

b

(

1−

(

ρi

ρ0

)

−β
)]

−K

(

ρi

ρ0

)ϕ+1

,

ρi =
1

Vi
, pT (Vi, Ti) =

Ŵi(Vi)cVi

Vi
Ti,

ep(ρi ) =

ρi
∫

ρ0

pp(ρi)

ρ2
i

dρ =
A

βρ0b
exp

[

b

(

1−

(

ρi

ρ0

)

−β
)]

−
K
ϕρ0

(

ρi

ρ0

)ϕ

+ e◦, eTi = cV Ti . (4)

Here, A, K, b, ϕ, and β are constants specifying the

elastic components of the equation of state; cVi is isochoric

heat capacity, e◦ is an integration constant, and Ŵi(Vi) is the
Grüneisen function [7].
Evaporation rate J lg was assumed to depend on number n

and radius a of bubbles or droplets, saturation temperature

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

coefficient of the liquid nitrogen phase λl , and Nusselt

number Nu [11]:

J lg = 2πanNu λl
(

T − Ts(p)
)

/ls (T ). (5)

λl = 1.12 · 10−2 kg ·m/(s3 · K) [8]. The approximation

proposed by Labuntsov and obtained on the basis of

Scriven’s solution [11] was used for Nu:

Nu =
12

π
Ja

[

1 +
1

2

(

π

6Ja

)2/3

+
π

6Ja

]

,

Ja =
c pl

(

T − Ts(p)
)

ρ0
l

ls(T )ρ0
g

is the Jakob number and cpl is the specific heat capacity

of liquid nitrogen at constant pressure. It was assumed

that the liquid−vapor phase transition occurs under non-

equilibrium super-heated conditions when the temperature
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Figure 2. Comparison of the experimental photographic image [1] (a) and the calculated intensity distribution of the velocity field (b)
for a liquid nitrogen jet at t = 120ms and R p = 60. x/D = k i — droplet velocity monitoring zones (see Fig. 3).

of the medium exceeds the saturation temperature [6,11]:
T > Ts(p) + 1Ts , where 1Ts is the degree of superheat

of liquid by temperature that corresponds to the condition

of pressure equilibrium in liquid and vapor with account

for the capillary forces (1ps ≈ 2σ/a) induced by surface

tension σ of the interphase surface [11]. At the initial

stage of the non-equilibrium outflow process, the increase

in αg is attributable to the formation of new bubbles at

inhomogeneous impurity particles. The growth of their

radius is limited [11]: at αg 6 0.25, the number of bubbles

with radius a = 6.5µm is n = 3αg/(4πa3). At αg > 0.25,

boiling proceeds in the equilibrium mode with a constant

number of bubbles n = 4 · 1013 (in 1m3) with radius

a =
(

3αg/(4πn)
)1/3

. Further development of the process

at 1Ts = 0 is characterized by an unlimited growth of

the bubble radius, which, in accord with the experimental

data [3], leads to the formation of a vapor-droplet system

with droplet diameter d = 10 µm.

Model (1)−(5) of the vapor-liquid mixture was imple-

mented numerically in the OpenFOAM software [8] in the

form of a new proprietary solver that is based on the

control volume approach with the PIMPLE computational

algorithm. The accuracy of numerical solutions was ensured

by multi-block computational grids with refinement in

the nozzle region (1x , 1y = 0.00001−0.006m) and by

monitoring of the grid convergence until the stability of

numerical solutions with initial time step 1t = 1 · 10−9 s

was achieved.

The obtained numerical results and experimental

data [1,3] are compared in Figs. 2, 3. Figure 2, b shows

the calculated velocity magnitude distributions in the form

of a color spectrum, which are qualitatively consistent

with the photographic image obtained in experiment [1]
(Fig. 2, a). An analysis of numerical solutions revealed

that the forming jet at a time point of 120ms has

already entered a vapor-droplet outflow regime with droplet

diameter dl0 = 10 µm and is characterized by the maximum

values of volumetric liquid content α1 ≈ 0.5 in the nozzle

mouth zone (x/D = 0−5). With increasing distance from

the nozzle and away from the axis of symmetry, α1

decreases to 0.001 at y/D = 150. The average value of

α1 in the central part of the jet is α1 ≈ 0.003−0.004, which

is indicative of a fairly uniform finely dispersed distribution

of droplets in the vacuum chamber. Figure 3 shows the

calculated distributions of droplet velocity magnitudes |vl |
at time t = 120ms and the experimental points [3] at

various distances along the axis of symmetry (see curve

and points 1) and in sections located at distances x/D = k i ,

i = 1, . . . , 4 from the nozzle (see curves and points 2−5).
The highest droplet velocities of ∼ 70m/s are found near

the nozzle exit at x/D = 5 (see k1 in Fig. 3). As one

moves away from this zone along the axis of symmetry,

the intensity of mass velocities decreases to ∼ 5m/s at

x/D = 70 (see k4 in Fig. 3) and ∼ 0.1m/s at y/D = 150.

These calculations are in satisfactory agreement with the

experimental data [3].

The processes of formation of an expanding jet outflow of

liquid nitrogen into a vacuum chamber under the conditions

of the chosen experiments were studied numerically based

on the proposed two-phase vapor-liquid mixture model,

and the obtained solutions were found to be accurate,

which is verified by their satisfactory agreement with the

experimental data. The simulation for initial degree of

superheat ps(Tin j)/pc = 60 at time t = 120ms produced a

fairly uniform finely dispersed distribution of droplets in the

vacuum chamber, which differs from the results reported

in [5,6] that were obtained by analyzing the water content

fields at lower degrees of superheat. Such studies are
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Figure 3. Calculated and experimental dependences of the droplet velocity magnitude distribution at time point t = 120ms along the

y = 0 symmetry axis (1) and in x/D = k i (i = 1, . . . , 4) sections away from the nozzle (2−5). Solid curves and symbols correspond to

calculated and experimental data on droplet velocity [3].

of particular importance in the design of rocket engines

operating at cryogenic temperatures and low pressures,

since a detailed analysis of the distribution of fluid phases

and the diameter and concentration of droplets in the

vacuum chamber is aimed at determining the optimum

operating regimes that contribute to an increase in the

engine thrust.
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