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Liquid nitrogen jet is regarded as an excellent technology for the well drilling and
reservoir fracturing. To evaluate the flow field structure of liquid nitrogen jet, a 2-D
CFD model is established. The transient velocity and temperature fields of liquid
nitrogen jet is simulated. The results show that the liquid nitrogen jet also clearly
presented the velocity boundary and potential core region similar to the water jet.
Given the temperature difference between the jet and surrounding fluid, the liquid
nitrogen jet has an obvious temperature boundary, on which the jet temperature
is equal to the initial value. According to the phase of the jet, the flow structure
can be divided into the liquid nitrogen jet and non-liquid nitrogen jet regions. The
temperature boundary shows a larger width than the velocity boundary for liquid
nitrogen jet. Moreover, both width and length of the liquid nitrogen jet region are
greater than the potential core region.
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Introduction

In past decades, the high pressure water jet has played the significant roles in the pe-
troleum engineering [1]. However, with the increasing attention turned toward unconventional
resources, the new requirements are proposed. First, the work fluid, which is used to develop
these reservoirs, should have an important role in inhibiting the clay swelling and water block-
ing damage [2]. Second, the pollution on the underground and surface water resources should
be avoided as much as possible [3]. Third, in the arid areas, the water consumed should be
reduced to the greatest extent [4]. In light of the above issues, a novel jet technology — liquid
nitrogen jet (LNJ) was proposed in [5].

As the LNJ is involved in non-water fluid, the issues of the water pollution and con-
sumption are solved perfectly. Above all, the temperature of the liquid nitrogen is extremely
low and it can generate the great thermal stress on the surface of materials [6]. Thus, the rock
breaking and cracking capabilities will be enhanced significantly if the LNJ is used in the
drilling or fracturing processes. Many previous investigations indicated that LNJ has stronger
impact capability and better coal breaking performance than water jet because liquid nitrogen
cooling can generate additional cracking effect on rock [7-10]
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The LNJ involves the heat transfer and the change in fluid properties. Thus, its flow
field and jet structure will become more complex than those of the water jet will. In this work,
a 2-D CFD model will be built to simulate the velocity and temperature distributions.

The model proposed
The geometric model and boundary conditions

A nozzle with an axisymmetric structure was employed to generate the LNJ. Thus,
only a 2-D model (fig. 1) was built to analyze the flow field structure of LNJ. The geomet-
ric model is consisted of the fluid and solid parts. As this model was symmetric, only the
half-flow domain was presented. To eliminate the effect of the wall boundary on the flow
field of the LNJ maximally, the axial distance from the nozzle outlet to the right wall was

set to 570 mm, and the radial distance from
Solid part the axis to the top wall was set to 270 mm.
The thickness of the solid part was 30 mm. The
inlet of the nozzle and the outlet of the flow
domain were set as the pressure-inlet and pres-
sure-outlet boundary conditions, respectively.
The fluid-solid interfaces (shown in fig. 1) were

D R designated as the conjugated boundary condi-
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Figure 1. The shematic of the geometric model wall bopndary conditions. The axes of the fluid
for the LNJ flow field and solid parts were set as the axial symmetry

boundary conditions.

The mathematical model

In this model, the flow equations (mass conservation, momentum, and energy equa-
tions) and heat transfer equations should be solved in a coupled manner to obtain the velocity,
pressure, and temperature distributions of the LNJ [10]. The k-¢ model was used to solve the
turbulent flow field. As the LNJ involved high pressure and low temperature flow, real gas
models instead of the ideal-gas models were adopted to calculate the properties of nitrogen. To
improve the accuracy of numerical simulation, the models of the National Institute of Standards
and Technology (NIST) were used. Four properties of nitrogen were involved during the sim-
ulation were presented as: density, isobaric heat capacity, viscosity, and thermal conductivity.

The density and isobaric heat capacity were calculated in [11]. The Helmholtz energy,
a, is the function of density, p, and temperature, 7, while the reduced Helmholtz energy is the
function of reduced density, d, and reduced temperature, 7, e. g.:

a(a,r)z%za“(a,f)m’(a,r) (1)

where a(p, T) is the Helmholtz energy, a(d,7) — the reduced Helmholtz energy, a°(d, 7) is the ide-
al gas component, and o/(d,7) — the residual part of the reduced Helmholtz energy, R = 0.2968,
0 =plp.,t=T./T, where p — the density, p. — the critical density, 7 — the temperature, and 7, — the
critical temperature.

The density and isobaric heat capability of nitrogen were evaluated by [11]:

p(5,r)=pRT{1+5(a;§ l:‘ ()




Cai, C., et al.: Numerical Simulation of the Flow Field Structure ...

THERMAL SCIENCE: Year 2019, Vol. 23, No. 3A, pp. 1337-1343 1339
C,(8,7 ) 1 + Sa’-6ral. )

P( ) :_TZ(aToT +a;r) + ( f - brr) (3)
R 1+26a;+0" ay

where p is the pressure.
The Lemmon and Jacobsen models were used to calculate the viscosity and thermal
conductivity, given as [12]:

#(pT)=u (T)+p (7.0) )
where 10(7) is the viscosity of the dilute gas and ux(d, 7 ) — the residual part.
(P, T)=2,(T)+ 2 (7,6)+ 4. (7,6) (5)

where 4y(7) is the thermal conductivity of the dilute gas Ax(z, d) — the residual part, and
A (0,7) — the critical enhancement of thermal conductivity.

The computational method

The pressure-based solver of the ANSYS FLUENT was employed to simulate the
flow field of the LNJ. By using this solver, the flow and heat transfer equations can be solved
in a coupled manner. Before the convergence of flow field was checked, the nitrogen properties
were evaluated and updated according to the pressure and temperature on each compute node.
At the fluid-solid interfaces, the conjugate heat transfer is used to calculate the heat transfer
between the fluid and solid [10], e. g.,

oT, oT
_ S _ s
T f wall_Ts wall ﬂ’f on wall 7% on wall (6)

where 7} is the fluid temperature, 7; — the solid temperature, 1,— the fluid thermal conductivity,
As— the solid thermal conductivity, and » — the common normal direction of the interface. More-
over, in the model, the gravity, density, isobaric heat capability, and thermal conductivity of the
solid part are 9.81, 2500.760, and 2.5, respectively.

Simulation results and analysis

To acquire the LNJ flow field, a simulation was performed by using the following
parameters: inlet pressure of 40 MPa, outlet pressure of 20 MPa, initial temperature of 300 K,
injection temperature of 100 K, and nozzle outlet diameter of 6 mm. Before simulation, the
fluid part was the nitrogen gas. The initial temperature of the solid part was also set as 300 K.

The velocity distributions

As shown in fig. 2, the velocity near nozzle was homogenous. As the jet developed
along the axial direction, it continuously drew the surrounding fluid. Consequently, the jet flow
region became increasingly wider while the jet velocity became progressively smaller. The
boundary, where the velocity is equal to zero, is defined as the outer boundary, or velocity
boundary. The LNIJ also has obvious velocity boundary and potential core region. Moreover,
the velocity remained unchanged in the potential core region. Figure 3 shows the velocity dis-
tributions on eight different cross-sections.

The temperature distributions

Figure 4 shows the jet temperature distributions along the axis at different times. The
jet temperature increased with the growth of the axial distance because the jet continuously
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Figure 2. The velocity fields of the LNJ at different times (for color image see journal web site)
240 240
— 210f — 2101 B
‘\n Iv\
£ 180f Axial distance £ 180} Axial distance
_.é‘ —=—6mm é‘ —®— 6mm
3 150 —A—12mm 8 150 —A— 12mm
o] —e— 18 mm O —e— 18 mm
> 120} —v—24mm > 120+ —v— 24mm
—&—30mm —®— 30mm
90+ —0—36mm 90 —4=— 36 mm
—4—42mm —4&— 42mm
60 | 48 mm 60 48 mm
301 301
1 LS ele o e W e e 0 1 1 £ SCE A ey e ey
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
@ Radial distance to axis [m] (b) Radial distance to axis [m]
240 240
— 210 — 210
‘U] IV)
£ 180 Axial distance £ 180 = Axial distance
_5‘ —=— 6mm 2 —®= 6mm
g 150 —4— 12mm FREYS —4= 12mm
< —e— 18mm o] —®— 18mm
> 1201 —v— 24mm = 1201 —v— 24mm
—&— 30mm —¢= 30mm
9 Rl Q0 —0= 36 mm
—4— 42mm —A= 42 mm
60 [ 48 mm 60T 48 mm
30 [ N 30
o | et St St e S S S8, . S Sra. S Sen.Ss . SaSim S S S S
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
(o] Radial distance to axis [m] (d) Radial distance to axis [m]

Figure 3. Velocity distributions for different cross-sections of LNJ at different times; (a) 7= 0.01 s,
(b)t=0.1s,(c)t=1s,and (d) £=10 s (for color image see journal web site)

exchanged the mass and heat with the surrounding fluid along the axial direction. Consequent-
ly, the jet temperature gradually increased while the temperature of the surrounding fluid de-
creased. At 0.01 second and 0.1 second, the minimum temperature of the jet was higher than the
nitrogen critical temperature (126.19 K) in the external region of the nozzle. It is indicated that
LNIJ could not be induced before 0.1 second due to the insufficient liquid nitrogen entering the
flow domain. At 1 second, the jet temperature at the nozzle outlet became less than 126.19 K in
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the generation of the LNJ. According to the jet
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Figure 5. The temperature distributions on the different cross-sections of the LNJ at the different times;
(@)t=0.01s,(b)t=0.1s,(c)t=1s,and (d) =10 s (for color image see journal web site)

Analysis of the flow field structure for the LNJ

Based on the simulation results, the temperature boundary, velocity boundary, po-
tential core boundary, and LNJ boundary were observed in fig. 6. The line CD represented the
velocity boundary (i. e., outer boundary), and the line EG denoted the potential core boundary
(i. e., inner boundary). Given that the flow field was axisymmetric and the horizontal co-ordi-
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Figure 6. Flow field structure analysis of both the length and Width of the.LNJ region were
LNJ (1=105) larger than the potential core region. For example,

at the axial distance of 12 mm, the width of the
LNJ region was 72.54% higher than that of the potential core region. In addition, the length of
the former was almost 1.8 times that of the latter.

Conclusion

In our work, the LNJ exhibited an obvious velocity boundary and potential core region.
This result indicated that high-speed jet could be efficiently produced as the high pressure liquid
nitrogen flowed through the nozzle. Besides the velocity boundary, the LNJ flow field also has
a clear temperature boundary, on which the temperature is equal to the initial value. Within the
temperature boundary, the jet flow field could be divided into the LNJ and non-LNJ regions. The
velocity and temperature boundaries of the LNJ flow field are expanded with the growth of the ax-
ial distance. The width of the temperature boundary was greater than that of the velocity boundary,
and the width and length of the LNJ region is larger than the potential core region.
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Nomenclature

a — Helmholtz energy, [kJkg'] /g —residual part of thermal conductivity,
C, — Isobaric heat capacity, [Jkg 'K'] [Wm'K']

p —pressure, [kPa] Ao —thermal conductivity of the dilute gas,
R — gas constant, [kJkg'K™'] [Wm'K']

T —temperature, [K] /i —viscosity of nitrogen, [Pa-s]

T. — critical temperature, [K] ur — residual part of viscosity, [Pa-s]

Lo — viscosity of the dilute gas, [Pa-s]

Greek symbols p — density, [kgm™]

A —thermal conductivity, [Wm'K™] p. — critical density, [kgm]
A. — critical enhancement of thermal conductivity,

[Wm K]
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