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Abstract: As a highly effective and environmentally benign suppression agent, liquid nitrogen (LN2)
has been widely used for fire extinguishing in plants, dwellings, enclosed underground tunnels,
and other confined spaces through cooling and inerting. It is of great significance to understand the
cooling and inerting effects of LN2 injected into a confined space. A confined-space experimental
platform was developed to study the injecting LN2 into the platform with different injection parameters,
such as mass flux, pipe diameter, and inclination angle. In addition, a mathematical model of
quantitatively assessing cooling and inerting effects was proposed by using heat transfer capacity,
inerting coefficient, and cooling rate. Results showed that the inerting effect was gradually enhanced
with a mass flux increasing from 0.014 to 0.026 kg/s and then tended to level off; an appropriate pipe
diameter of 12 mm was optimal for the cooling and inerting effects in this experiment. In addition,
a positively increasing inclination angle could contribute to the cooling and inerting effects. However,
there was little effect on the cooling and inerting with an inclination angle less than 0◦. This study
can provide technical guidances for environmentally friendly fire extinguishing with LN2 in a
confined space.
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1. Introduction

Liquid nitrogen (LN2), as an excellent low-temperature cooling and inerting medium, has been
widely used in the areas of food industry, machine manufacturing, medical treatment, and space
technology [1–4]. It has a series of virtues, such as safety, reliability, low price, abundance, stable
performance, etc. Besides, LN2 is also an environmentally benign and highly efficient extinguishing
agent and applied in fire prevention and extinguishing due to the remarkable cooling and inerting
effect [5–7]. The major fire extinguishing mechanisms with LN2 include: (1) refrigeration and cooling
because of the very low temperature of the cryogen and the latent and sensible heat; (2) inerting of the
atmosphere—the vaporization expansion times of LN2 is high in that 1 L LN2 can vaporize to 647 L
gaseous nitrogen in the standard state [8].

In previous research, it has been identified that LN2 is an effective and environmentally friendly
benign suppression agent for combustible metal fires, oil pool fires, and building fires. The effectiveness
of LN2 for sodium fire suppression was quantified by measuring the pool temperature and the mass
of LN2 delivered, and the suppression mechanism indicated that the cooling (via LN2 vaporization)
of the pool and its surroundings were below the sodium self-ignition temperature [9]. Pool fire
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experiments were conducted with ethanol, propanol, and diesel fuel [8]. It showed that LN2 had
undergone a phase change as soon as it contacted a burning surface, and the gas expanded and
formed a cloud spreading over and near the surface, which revealed the fire extinguishing mechanisms
of surface cooling, inerting of the atmosphere, and rapid expansion followed by gravity spread.
In addition, a technique for remote-controlled application of liquid nitrogen which was effective
for fire extinguishing was proposed [10]. LN2 was considered as a desirable firefighter in fighting
building fires for its effectiveness and the elimination of water damage resulting from conventional
firefighting methods by studying the use of LN2 in the past two decades [11]. Shi and Zhou compared
the extinguishment behaviors of LN2 vertical/horizontal jets for extinguishing oil pool fires in weight,
thermocouples temperature, and infrared thermal image [12]. They discovered that LN2 had an
excellent performance for firefighting. The horizontal jet was more effective than the vertical jet
considering the required amount of LN2 and fire extinguishing time. Fires caused by spontaneous coal
combustion [13,14] are the main disaster in coal mines. LN2 also plays an important role in coal mine
fire prevention and extinguishing [15–17]. The immediate LN2 infusion technology has been applied
in coal mines [18]. The technique is efficient in absorbing heat, and displacing oxygen and combustible
gases via LN2 expansion. Shi and Zhou experimented [19] by injecting LN2 into coal porous media
both in the openings and in the enclosures to study the heat and mass transfer of LN2. They analyzed
the mechanism of fire prevention using liquid nitrogen in the coal mine by monitoring the temperatures
and oxygen concentrations in the atmosphere. Injecting LN2 into confined spaces, such as pipelines,
buildings, and underground roadways, is a complicated heat and mass transfer process. The process
includes phase change, thermal conductivity, convective heat transfer, gas diffusion, and so on. The heat
and mass transfer of LN2 in small confined spaces such as micro-tubes, round pipes, and horizontal
and vertical pipes has been investigated by many researchers [20–22]. However, less attention has
been paid to large confined spaces. Furthermore, the cooling and inerting levels were assessed only
according to the changes of temperature and oxygen concentration respectively at a given measurement
point. The heat and mass transfer, as well as cooling and inerting effects of liquid nitrogen on the
whole space, are not further quantitatively analyzed.

Injecting LN2 into the confined space involves the transformation of gas and liquid, gas–liquid
two-phase flow, and latent heat transfer of vaporization. Using a computational fluid dynamics (CFD)
modeling is difficult for simulating the process. An experimental approach is appropriate, based
on which the process can be conducted intuitively, and the actual features of injecting LN2 in situ
can be shown well. In this paper, a multi-dimensional (temperature, relative humidity, and oxygen
concentration) and multi-measurement-point confined-space experimental platform is built. The LN2

is injected into the specific confined space with different injection conditions. The spatial distributions
of the temperature and oxygen concentration in the space are obtained to reveal the heat and mass
transfer characteristics of LN2. The mathematical model of assessing cooling and inerting effects of
LN2 in a confined space is developed to analyze the effects of mass flux, pipe diameter, and inclination
angle. Based on these experiments on ameliorating injection technology, the study will contribute to
improving the availability and efficiency of LN2 application for fire prevention and extinguishing.

2. Materials and Methods

2.1. Experimental Setup

Figure 1 depicts a sketch diagram of the experimental setup. The equipment consists of a confined
space, an LN2 injection system, and a data acquisition system. The experimental confined space was a
cuboid steel framework (3 m in length, 2 m in width, and 2 m in height) packaged with plastic films.
The symphyses between the films were conglutinated with scotch tape to ensure certain air tightness.
The LN2 injection system consisted of an LN2 self-pressurization buffer tank with an effective working
pressure more than 0.1 MPa, a mass flowmeter with a scale flow of 0–3000 kg/h, and an accuracy level
of ±0.1% full scale (FS), and a low-temperature resistance steel pipe. The data acquisition system
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consisted of twenty-seven T-type thermocouples, twenty-seven OMEGA OM-62 relative humidity
(RH) data loggers (a measurement range 10–90% RH and a resolution of 0.01% RH), twenty-seven
4OXV oxygen concentration sensors (a measurement range of 0–25 vol %, an offset less than 0.6 vol %,
and data acquisition frequency of 0.5 Hz), two OMB-DAQ-2416 Series data acquisition modules with
16 channels and TracerDAQ software supplied, twenty-seven oxygen concentration transmitters,
four controllers, and a computer. Twenty-seven measurement points were regularly arranged in the
confined space, each equipped with a T-type thermocouple, a relative humidity data logger, and an
oxygen concentration sensor. The temperature, relative humidity, and oxygen concentration at each
measurement point could be monitored, stored, and displayed on the computer in real-time via the
data acquisition system. Figure 1 also shows that a three-dimensional coordinate system is established
with Point ‘O’ as the coordinate origin. The coordinate point of the LN2 injection port was set to
(3.0, 1.0, 0.8).
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Figure 1. Sketch view of the experimental setup.

2.2. Experimental Method

In the experimental process, LN2 was injected from the LN2 self-pressurization buffer tank to
the confined space via the low-temperature resistance steel pipe with different mass fluxes (f m), pipe
diameters (Φ), and inclination angles (ain). The mass flux was defined as the mass of LN2 injected
into the confined space per unit of time. The inclination angle was a crossing angle between the
low-temperature resistance steel pipe and horizontal plane, which represented the injection direction
of LN2. The detailed parameter settings are shown in Table 1. The cooling and inerting phenomenon
of LN2 in the confined space was observed with an injection duration of 180 s. The effect of a single
parameter on the temperature and oxygen concentration at each measurement point was analyzed
under the conditions of maintaining other parameters unchanged. For the parameter setting of each
given experiment, the data values at twenty-seven measurement points would be obtained through
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the data acquisition system. Thus, the variations in temperatures and oxygen concentrations could
be analyzed.

Table 1. Detailed parameter settings.

(1)
Fixed Parameters Φ = 28 mm, ain = 0◦

Mass flux f m (kg/s) 0.012 0.014 0.019 0.026 0.036

(2)
Fixed Parameters f m = 0.014 kg/s, ain = 0◦

Pipe diameter Φ (mm) 4 12 20 28 32 40

(3)
Fixed Parameters f m = 0.014 kg/s, Φ = 20 mm

Inclination angle ain (◦) −30 0 +30

2.3. Modeling

According to the Kamerlingh Onnes equation of state, the state equation of the mixed gases in the
confined space can be expressed as:

P = A ·
ρ

µ
+ B ·

(
ρ

µ

)2

+ C ·
(
ρ

µ

)3

+ · · · (1)

where P, µ, and ρ are the pressure, molar mass, and density of the gas, respectively, and A, B, and C are
the virial coefficients, all being functions of temperature (T). Equation (1) shows a probable inverse
proportional relationship between T and ρ to some extent, when P is constant.

When LN2 is injected into the confined space, it absorbs the heat inside the confined space and
cools the heat medium (mixed gas) in the confined space by heat transfer. At the same time, the LN2

vaporizes to a lot of gaseous nitrogen, decreasing the oxygen concentration and inerting the confined
atmosphere. The above shows that the heat transfer capacity of the heat medium and the changes in
oxygen concentration can represent the cooling effect and the inerting effect of LN2 to some extent,
respectively. In order to calculate the heat transfer capacity of the heat medium, it is assumed that
the mixed gas in confined space consists of oxygen and nitrogen. The measurement heat medium is
divided into I × J× K micro units. A particular micro unit is regarded as the least unit for calculation.
The heat transfer capacity of the heat medium in the whole confined space (Q) can be calculated by
Equation (2).

Q =
I∑

i=1

J∑
j=1

K∑
k=1

Qi, j,k (2)

where i, j, and k reflect the spatial orientation of the micro unit, and Qi, j, k is the heat transfer capacity
of the specific micro unit with the temperature ranging from T1 to T2, which can be expressed as
Equation (3) according to the heat release from the heat medium to the LN2.

Qi, j,k =
cT1,i, j,k + cT2,i, j,k

2
·
ρT1,i, j,k + ρT2,i, j,k

2
· ∆V · (T1 − T2) (3)

where ρT, i, j, k is the dry gas density of the specific micro unit at T, which can be expressed as Equation (4)
according to Equation (1), and cT, i, j, k is the specific heat of the mixed gas at T, and can be obtained by
Equation (5).

ρT,i, j,k =
T0 · (CT,i, j,k · ρO2 + (1−CT,i, j,k) · ρN2)

T
(4)

where T0 is the temperature in the standard state (T0 = 273.15 K), ρO2 and ρN2 are the density of oxygen,
1.429 kg/m3, and the density of nitrogen, 1.251 kg/m3, in the standard state, respectively, and CT, i, j, k is
the oxygen volume fraction in the specific micro unit at T.

cT,i, j,k = ca + cv ·HT,i, j,k (5)
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where ca and cv are the specific heat of dry air and the specific heat of water vapor, respectively. They
are approximately 1.01 kJ/(kg·K) and 1.88 kJ/(kg·K) in a certain temperature range, and the water
vapor in the mixed gas considered during the experiment, HT, i, j, k is the mass of water vapor per kg
dry-mixed gas at T, which can be obtained by Equation (6).

HT,i, j,k = dT · rT,i, j,k (6)

where dT is the water content per kg dry-mixed gas in wet-saturated mixed gas at T, g/kg and rT, i, j, k is
the relative humidity of the specific micro unit, %.

Furthermore, in order to analyze the inerting effect, the average oxygen concentration in the
confined space (C) is defined as:

C =

I∑
i=1

J∑
j=1

K∑
k=1

Ci, j,k

I · J ·K
. (7)

In addition, the standard deviation of oxygen concentration (S) is also defined as:

S =

√√√√√√√ I∑
i=1

J∑
j=1

K∑
k=1

Ci, j,k
2

I · J ·K
−C

2
(8)

and the variation coefficient (CV) is expressed as:

CV(%) =
S

C
× 100 (9)

where CV is dimensionless. The smaller CV, the better the mixed degree is. The inerting effect can be
quantified by synthesizing the decline and mixed degree of oxygen concentrations. In order to quantify
the inerting degree of LN2 injected into the confined space, an inerting coefficient value (F) is defined
as Equation (10) to determine the inerting effect based on the drop extant of oxygen concentration and
the mixed degree of nitrogen in the confined space. The smaller F, the better the inerting effect in
confined space is.

F =
C

C0
O2
−C
·CV (10)

where C0
O2 is the oxygen volume fraction of the atmosphere in the standard state (21%).

3. Results and Discussion

3.1. Temperatures and Oxygen Concentrations Versus Time

An experiment of f m = 0.019 kg/s,Φ= 28 mm, and ain = 0◦ taken as an example, a three-dimensional
cubic interpolation for the temperatures and oxygen concentrations from twenty-seven measurement
points was conducted. Thus, the three-dimensional distributions of temperature and oxygen
concentration in the confined space at 0, 90, 180, 360, 720, and 1440 s could be obtained. Figure 2 shows
the values on six slices of x = 0.0, 1.0, 2.0 m, y = 1.0 m, z = 0.3, 1.0 m.

LN2 flowing through the low-temperature resistance steel pipe gradually reduced the inner-wall
surface temperature of the steel pipe, resulting in the decreasing LN2 evaporation and the decreasing
gas–liquid ratio of nitrogen. Figure 2a shows the temperature distribution. There was a spray
distribution on the horizontal plane of z = 0.3 m and 0 < x < 2 m with the temperatures below 0 ◦C at
90 s. The low-temperature area mainly occurred in z < 1.0 m at 180 s when LN2 injection was stopped.
The temperatures returned to the initial state at 1440 s, while the temperatures in z > 1.0 m had a little
change from 0 to 1440 s. The LN2 vaporization formed cloud spreading owing to gravity, inerted the
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atmosphere and settled [8,19], so a low-temperature area concentrated at the lower place, showing the
cooling effect was certain and local. Figure 2b shows the oxygen concentration distribution. The oxygen
concentrations in the lower space decreased firstly, while the oxygen concentrations on a horizontal
plane were basically the same. At 180 s, the oxygen concentrations in z < 1.0 m decreased dramatically
and mostly less than 14%. Because of the gas diffusion, the oxygen concentrations became even in the
confined space at 720 s. It took about 540 s for gases to mix evenly, showing that the nitrogen was easy
to diffuse in the confined space.Symmetry 2018, 10, x FOR PEER REVIEW  6 of 13 

 

 

Figure 2. Temperatures (a) and oxygen concentrations (b) on six slices of x = 0.0, 1.0, 2.0 m, y = 1.0 m, 

z = 0.3, 1.0 m at 0, 90, 180, 360, 720, and 1440 s. 

LN2 flowing through the low-temperature resistance steel pipe gradually reduced the inner-wall 

surface temperature of the steel pipe, resulting in the decreasing LN2 evaporation and the decreasing 

gas–liquid ratio of nitrogen. Figure 2(a) shows the temperature distribution. There was a spray 

distribution on the horizontal plane of z = 0.3 m and 0 < x < 2 m with the temperatures below 0 °C at 

90 s. The low-temperature area mainly occurred in z < 1.0 m at 180 s when LN2 injection was stopped. 

The temperatures returned to the initial state at 1440 s, while the temperatures in z > 1.0 m had a little 

change from 0 to 1440 s. The LN2 vaporization formed cloud spreading owing to gravity, inerted the 

atmosphere and settled [8,19], so a low-temperature area concentrated at the lower place, showing 

the cooling effect was certain and local. Figure 2(b) shows the oxygen concentration distribution. The 

oxygen concentrations in the lower space decreased firstly, while the oxygen concentrations on a 

horizontal plane were basically the same. At 180 s, the oxygen concentrations in z < 1.0 m decreased 

dramatically and mostly less than 14%. Because of the gas diffusion, the oxygen concentrations 

became even in the confined space at 720 s. It took about 540 s for gases to mix evenly, showing that 

the nitrogen was easy to diffuse in the confined space. 

According to the above result analysis, there were no significant differences both among the 

temperatures and among the oxygen concentrations in the same horizontal plane. However, changes 

of both the temperatures and oxygen concentrations in the vertical direction were significant. The 

measurement points #13, #14, and #15 were arranged vertically in a line. Thus, they were selected to 

study the effects of different mass fluxes, injection velocities, injection port heights, and inclination 

angles on the heat and mass transfer in the confined space. 

Figure 3 shows the plot of heat transfer capacity versus the time with different mass fluxes. When 

the mass flux was 0.019 kg/s, the heat transfer capacity ascends in a curve with time less than 80 s. 

The increasing rate of the heat transfer capacity increased firstly, then decreased and finally remained 

unchanged. Because there was a temperature difference between LN2 and the low-temperature 

resistance steel pipe in the LN2 flowing process, LN2 absorbed the heat and vaporized. However, as 

the pipe temperature decreased, the vapor–liquid ratio of LN2 gradually reached a balance. The pipe 

inner surface temperature decreased to a certain degree after 80 s; the gas–liquid two-phase flow was 

in a saturated state. There was a clear linear relationship between the heat transfer capacity and time. 

It could be expressed as Equation (11),  

Figure 2. Temperatures (a) and oxygen concentrations (b) on six slices of x = 0.0, 1.0, 2.0 m, y = 1.0 m,
z = 0.3, 1.0 m at 0, 90, 180, 360, 720, and 1440 s.

According to the above result analysis, there were no significant differences both among
the temperatures and among the oxygen concentrations in the same horizontal plane. However,
changes of both the temperatures and oxygen concentrations in the vertical direction were significant.
The measurement points #13, #14, and #15 were arranged vertically in a line. Thus, they were selected
to study the effects of different mass fluxes, injection velocities, injection port heights, and inclination
angles on the heat and mass transfer in the confined space.

Figure 3 shows the plot of heat transfer capacity versus the time with different mass fluxes. When
the mass flux was 0.019 kg/s, the heat transfer capacity ascends in a curve with time less than 80 s.
The increasing rate of the heat transfer capacity increased firstly, then decreased and finally remained
unchanged. Because there was a temperature difference between LN2 and the low-temperature
resistance steel pipe in the LN2 flowing process, LN2 absorbed the heat and vaporized. However, as
the pipe temperature decreased, the vapor–liquid ratio of LN2 gradually reached a balance. The pipe
inner surface temperature decreased to a certain degree after 80 s; the gas–liquid two-phase flow was
in a saturated state. There was a clear linear relationship between the heat transfer capacity and time.
It could be expressed as Equation (11),

Q = n + kct (11)

where kc was the cooling rate of LN2 when the LN2 was in a saturated state. In addition, in terms
of each mass flux, the changes in heat transfer capacity with increasing time (>130 s) followed a
linear trend, showing the cooling rate could be obtained during the experiments. At the same time,
the cooling rate was related to the injection condition. It represented the ability to cool down the
confined space quickly. Thus, the cooling rate could be used to evaluate the cooling effect of LN2 with
the combination of heat transfer.
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In order to verify the sealing property of the experimental confined space, the variation of the
average oxygen concentrations in the confined space with increasing time (≥1140 s) was analyzed.
As shown in Figure 4, the average oxygen concentration increased slowly and linearly with time
because the confined space was not completely closed. The variation rate of the average oxygen
concentration was equal to the slope of a linear fitting, which was 2.91 × 10–4%/s and very small,
indicating that the experimental confined space was of certain air tightness. It was feasible for revealing
the cooling and inerting features of LN2 in confined spaces.Symmetry 2018, 10, x FOR PEER REVIEW  8 of 13 
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3.2. Effects of Mass Flux on the Cooling and Inerting Effects

In terms of the same injection duration of 180 s, the variations in the temperatures and oxygen
concentrations at measuring points #13, #14, and #15 with increasing mass flux are shown in Figure 5.
As shown in Figure 5a, the temperatures decreased with increasing mass flux. The maximum decrease
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was approximately 32 ◦C for #15, which was followed by approximately 13 ◦C for #14, and 2 ◦C for #13.
The temperatures at #14 and #15 decreased quickly with a mass flux increasing from 0.014 to 0.026 kg/s.
The temperatures at the three points decreased slowly with increasing mass flux above 0.026 kg/s.
Figure 5b shows that the oxygen concentrations at the three points decreased, and began to level off

with increasing mass flux above 0.026 kg/s. There was a significant decrease of approximately 6%
both for #14 and for #15, while that for #13 was slight. The cooling and inerting effects at #15 became
increasingly apparent with increasing mass flux, and the low-temperature low-oxygen space gradually
expanded upward. For the same mass flux, the cooling effect weakened gradually with increasing
height. Since the differences among the oxygen concentration at different heights in z < 1.0 m were
very small, the inerting effect in the space was uniform.
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mass flux at 180 s.

Figure 6a shows the changes in the cooling rate and heat transfer capacity at 180 s with increasing
mass flux. The heat transfer capacity increased gradually with a mass flux increasing from 0.014 to
0.026 kg/s and then began to flatten. The increasing rate of heat transfer capacity increased firstly
when f m < 0.019 kg/s, and then decreased when f m ≥ 0.019 kg/s. In addition, the cooling rate
had the same trend with increasing mass flux. The cooling rate began to flatten with mass flux
above 0.026 kg/s. This was because that the cooling effect was certain and local (at the lower place).
When f m < 0.019 kg/s, the mixed gas released heat easily, and the temperature decreased. When
f m ≥ 0.019 kg/s, the temperature decreased to a specific value (approximately –40 ◦C), at which the
mixed gas released heat with difficulty because of the low heat transfer efficiency. Figure 6b shows
the changes in the inerting coefficient at 180 s with mass flux. The inerting coefficient gradually
decreased in a concave curve. It illustrated that the inerting effect of LN2 was gradually enhanced with
a mass flux increasing from 0.014 to 0.026 kg/s and then tended to level off, showing the decreasing
enhancement extent.
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3.3. Effects of Pipe Diameter on the Cooling and Inerting Effects

For the same injection duration of 180 s, the changes in the temperatures and oxygen concentrations
at the measurement points #13, #14, and #15 with different pipe diameters are shown in Figure 7a,b,
respectively. When Φ = 4 mm, the temperatures and oxygen concentrations at #13, #14, and #15
were basically the same. The injection quantity of LN2 decreased significantly in view of a small
diameter. The LN2 vaporization produced large amounts of cryogenic nitrogen gas in the steel pipe.
The gas pressure gradually increased as the diameter decreased, which hindered the LN2 injection
to the confined space so that the cryogenic nitrogen gas was mainly injected with only a relatively
small quantity of liquid nitrogen [23]. The temperature at #13 basically remained unchanged with a
diameter increasing from 20 to 40 mm. This was because the low-temperature area concentrated at the
lower place, and there was little influence on the top in terms of heat transfer due to the small heat
transfer coefficient of gas. The initial kinetic energy of the LN2 decreased with increasing diameter,
which weakened the gas mixture. Thus, the oxygen concentration at #13 increased. The temperature
at #14 increased with a pipe diameter, increasing from 12 to 40 mm and the minimum was –0.2 ◦C,
but the oxygen concentration decreased with a pipe diameter increasing from 4 to 20 mm and then
slowly increased. The temperature at #15 decreased first with a pipe diameter increasing from 4 to
20 mm and then increased linearly. The oxygen concentration at #15 decreased with increasing pipe
diameter. According to the above result, the cooling effect at the lower place in the confined space
gradually decreased with a pipe diameter increasing from 20 to 40 mm. This could be because the
increase of pipe diameter increased the contact area of LN2 with the steel pipe, increasing the amount
of LN2 vaporization. In addition, the flow rate of cryogenic nitrogen gas decreased with diameter,
and the mass transfer ability in the confined space weakened. Thus, the inerting effect at the lower
place increased, while that at the upper place decreased.Symmetry 2018, 10, x FOR PEER REVIEW  10 of 13 
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pipe diameter at 180 s.

When Φ = 4 mm, LN2 vapor impeded the continuous injection of LN2 due to the small limited
diameter. Thus, the heat transfer capacity in the confined space was very small, and there was also
no desirable inerting effect. The plots of the heat transfer capacity at 180 s, cooling rate, and inerting
coefficient at 180 s versus pipe diameter increasing from 12 to 40 mm are shown in Figure 8. The heat
transfer capacity linearly decreased with increasing pipe diameter. The cooling rate first decreased
significantly with increasing pipe diameter, and then started to level off with a pipe diameter of 28 mm,
so the cooling effect of LN2 was gradually weakened. It was because the path of LN2 flow was affected
slightly by increasing pipe diameter more than 28 mm with a specific mass flux, resulting in the
unchanged cooling effect. The inerting coefficient increased with increasing pipe diameter, illustrating
that the inerting effect decreased. Hence, an appropriate diameter should be selected to improve the
cooling and inerting effect in the process of LN2 injection. In this experiment, the cooling and inerting
effects of LN2 was the best when Φ = 12 mm.
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3.4. Effects of Injection Angle on the Cooling and Inerting Effects

In terms of the same injection duration of 180 s, the variations in the temperatures and oxygen
concentrations at the measurement points #13, #14, and #15 under different inclination angles are
shown in Figure 9. As shown in Figure 9a, the temperatures at #14 and #15 decreased gradually with
inclination angle ranging from –30◦ to +30◦, while the temperature at #13 basically remained the same.
It indicated that the cooling effect in the space of z ≤ 1.0 m was gradually enhanced by increasing
inclination angle. As shown in Figure 9b, the oxygen concentrations at #13, #14, and #15 gradually
converged with an inclination angle ranging from –30◦ to +30◦. The mixed effect of the gases in the
confined space was improved as the inclination angle increased.Symmetry 2018, 10, x FOR PEER REVIEW  11 of 13 
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Figure 9. Temperatures (a) and oxygen concentrations (b) at measuring points #13, #14, and #15 versus
inclination angle at 180 s.

The plots of the cooling rate, heat transfer capacity at 180 s, and inerting coefficient at 180 s
versus inclination angle are shown in Figure 10. As the inclination angle increased from –30◦ to +30◦,
the heat transfer capacity increased. The LN2 of a specific mass flux mainly flowed to the lower space
with ain ≤ 0◦, where the air molecule movement was slowed down. Thus, the cooling rate changed
slightly when ain ≤ 0◦, which was consistent with the inerting coefficient. Dramatically, the cooling
rate increased quickly when ain > 0◦. The inerting coefficient was basically unchanged when ain ≤ 0◦.
However, the inerting coefficient increased with the inclination angle when ain > 0◦. It showed that the
cooling and inerting effects of LN2 in confined spaces could be enhanced with the positive direction
increase of inclination angle, because both the contact time and the contact area between LN2 and the
air increased.
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4. Conclusions

In this work, the spatial distributions of both the temperatures and oxygen concentrations in the
space were obtained to reveal the heat and mass transfer of LN2 under different mass fluxes, pipe
diameters, and inclination angles. Additionally, a mathematical model of quantitatively evaluating the
cooling and inerting effects of LN2 was proposed based on the cooling indexes (heat transfer capacity
and cooling rate) and the inerting index (inerting coefficient). The results proved that the model could
accurately reveal the cooling and inerting phenomenon, and it could be used for the quantitative
analysis of the relationships between the injection parameters and the cooling and inerting effects of
LN2 in a confined space. These studies were feasible and meaningful for getting an optimal mass
flux, a pipe diameter, and an inclination angle in the site implementation to improve the cooling and
inerting effects of LN2 for firefighting. The following understandings and conclusions can be drawn:

1. The low-temperature area mainly was located in the lower place owing to gravity. There was a
linear relationship between the heat transfer capacity and time when LN2 reached a vaporization
balance in the low-temperature resistance steel pipe. After LN2 injection, the cooling effect
was only limited in the lower part of the confined space. However, there were no significant
differences both among the temperatures and among the oxygen concentrations in the same
horizontal plane.

2. The low-temperature low-oxygen space gradually expanded upward with increasing mass flux.
The increasing pipe diameter (>20 mm) went against the heat and mass transfer of LN2 in the
confined space. Both the contact time and the contact area between LN2 and the air could increase
with a positively increasing inclination angle, which strengthened the cooling and inerting.

3. The inerting effect of LN2 was gradually enhanced with a mass flux increasing from 0.014 to
0.026 kg/s and then tended to level off. An appropriate pipe diameter should be selected to
improve the cooling and inerting effects of LN2, the optimal one being 12 mm in this experiment.
Otherwise, a positively increasing inclination angle could contribute to the cooling and inerting
effects of LN2 injected into the confined space. However, there was little effect on the cooling and
inerting when the inclination angle was below 0◦.
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