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Abstract: A mathematical model for one-dimensional heat transfer in pipelines undergoing freezing induced by liquid nitrogen is elaborated. The basic premise of this technology is that the content within a pipeline is frozen to form a plug or two plugs at a position upstream and downstream from a location where work a modification or a repair must be executed. Based on the variable separation method, the present model aims to solve the related coupled heat conduction and moving-boundary phase change problem. An experiment with a 219 mm long pipe, where water was taken as the plugging agent, is presented to demonstrate the relevance and reliability of the proposed model (results show that the error is within 18%). Thereafter, the model is applied to predict the cooling and freezing process of pipelines with different inner diameters at different liquid nitrogen refrigeration temperatures when water is used as the plugging agent.
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Nomenclature



	
t
:
	time (s)



	
T
:
	temperature (°C)



	
r
:
	radial coordinate



	
α
:
	thermal diffusivity (m2 s–1)



	
Rinn
:
	inner radius (m)



	
kL
:
	thermal conductivity of plugging agent in liquid state (W m–1°C–1)



	
U
:
	overall heat transfer coefficient (W m–1°C–1)



	
T∞
:
	refrigeration temperature (°C)



	
Ti
:
	initial temperature of plugging agent (°C)



	
R′′
:
	pipe wall resistance



	
ho
:
	average heat transfer coefficient (W m–2°C–1)



	
Do
:
	outer diameter (m)



	
Dinn
:
	inner diameter (m)



	
kp
:
	thermal conductivity of pipe (W m–1°C–1)



	
kN
:
	thermal conductivity of nitrogen (W m–1°C–1)



	
Re
:
	Reynolds number



	
Pr
:
	Prandtl number



	
J0
:
	Bessel function of order 0 of the first kind



	
J1
:
	Bessel function of order 1 of the first kind



	
Y0
:
	Bessel function of order 0 of the second kind



	
Y1
:
	Bessel function of order 1 of the second kind



	
TL
:
	liquid temperature function



	
Tf
:
	freezing point (°C)



	
Ts
:
	solid temperature function



	
αs
:
	solid thermal diffusivity (m2 s–1)



	
rin;
:
	solid-liquid interface position (m)



	
ρs
:
	solid density (kg m–3)



	
L
:
	latent heat (J kg–1)




1  Introduction

In the gas pipelines industry, due to the factors such as corrosion, topography and process transformation, it is often necessary to replace the pipes or valves, or change the line [1]. Emergency repair operations likes these usually have to vent the natural gas in a long pipe section and replacing them with nitrogen. Then non-spark cutting equipment is required to cut it off, and finally, operators could conduct their assignment with the help of welding [2]. This method is very safe, but high-cost and time-consuming, which is not environmentally friendly yet [3].

Therefore, a more economical and safer way plugging–both ends of the problematic pipe section–was raised, which could reduce the waste by venting less gas. At present, the commonly technique for gas pipeline plugging includes mechanical plugging and bladder plugging [4]. The former one is good at plugging [5], but non-economic and complex in operation [6]. The latter spends less while its blocking effect is poor [7]. The pipeline freezing and plugging technique, which not only costs less but also performs better in plugging, was first proposed by Bishop et al. [8]. This method could freeze the fluid by implementing part refrigeration outside the pipe to form a frozen plug, with low cost and good plugging performance [9]. Burton et al. [10] was the one who observed and analyzed the water’s natural convection phenomenon in the pipe during refrigeration, and Keary [11] was the one who simulated the cooling and freezing process of the flowing water in the pipe, and Bueno et al. [12] successfully froze the crude oil pipeline. In early times, it was considered that the pipeline freezing and plugging technique is only applicable to pipelines where the medium in the pipe was liquid. The reason for this idea is that the gas cannot be frozen, besides, injecting freezable fluid into the pipeline could not fill the pipe section to form a closed freezing plug. Afterwards Zhang et al. suggested to restrict the fluid plugging agent by using the airbag, whose expansion are able to generate pressure with the inner wall of the pipe, resulting in axial static friction, so that the fluid plugging agent can fill the pipe (Fig. 1). Wang et al. [13] and Liang et al. [14] conducted experiments to test the plugging performance of different diameter natural gas pipelines.

Nowadays, most researches focus on the pressure-bearing capacity of the freezing plug, which is to put the prefabricated freezing plug into the cut pipeline for freezing, and then test the pressure. Liang et al. [14] conducted a pressurization experiment on an 86 mm small-diameter natural gas pipeline. Wang et al. [13] did the same experiment on a 762 mm large-diameter natural gas pipeline. The pressure-bearing capacity of the plugging proves the feasibility of applying the freezing and plugging technique to natural gas pipelines. The actual pipeline freezing and plugging, however, is carried out in a closed pipe, and it is impossible to cut the pipeline and put the freezing plug into it. Therefore, it is particularly significant to study the heat transfer characteristics of the pipeline’s freezing and plugging. Learning the heat transfer process can help researchers predict the formation of freezing plugs in closed pipelines, which lays a foundation for the research on the influence of heat transfer factors on the pressure bearing capacity of freezing plugs. However, it is barely studied.

Based on the status quo, the objectives of this study are:

(1) Develop a transient temperature field model and phase change model of the one-dimensional circular pipe of freezing and plugging;

(2) Conduct experiments to confirm the model;

(3) Extend the model to practical engineering–predicting the time for the freezing plug to form.
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Figure 1: Freezing and plugging technique for gas pipeline

2  Heat Transfer Modeling

2.1 Physical Model

When freezing, one jacket is needed to set outside the pipe so that liquid nitrogen can be introduced to freeze the plugging agent. At the same time, it is requested for two special airbags at the both end of the pipe to limit the plugging agent in the pipe section, so it can be frozen to an airtight freezing plug. In order to simplify the physical model, it is assuming that:

(1) Both ends of the plugging agent are thermal insulation during the freezing and plugging process;

(2) The radial temperature of the outer wall of the pipe section in the jacket is uniform;

(3) The axial temperature distribution in the refrigeration zone is uniform;

(4) Ignoring the natural convection effect of the fluid due to the density change caused by refrigeration.

According to these assumptions above, this model can be applied when the jacket length is greater than three times the pipe diameter and liquid nitrogen is used as refrigerant. And if the density of plugging agent changes greatly due to the difference in temperature, the natural convection effect needs to be taken into account.

As shown in Fig. 2, the simplified model only considers the one-dimensional transient heat transfer in the radial direction of the pipe.

Then, based on this physical model, it is possible to analyze and build a cooling model for the plugging agent from liquid to freezing point and a freezing model from freezing point to solid.
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Figure 2: Physical model of heat transfer in pipeline freezing plugging

2.2 Cooling Model

Before cooling, the liquid plugging agent will be cooled from its initial temperature to its freezing point at the refrigeration temperature. The governing equation of the liquid temperature, 
T(r,t)
, in the tube during this process is:


∂2T∂r2+1r∂T∂r=1α∂T(r,t)∂t0 ≤ r ≤ Rinn,t>0
(1)

The boundary condition and initial condition are as follows:


−kL∂T(r,t)∂r=U[T(r,t)−T∞]r=Rinn
(2)


T(r,t)=Ti−T∞t=0,0 ≤ r ≤ Rinn
(3)

where U is total heat transfer coefficient, calculated as follows:


1U=R′′+1ho
(4)

where 
R′′
is:


R′′=itln(DoDinn)2kpDo
(5)

Liquid nitrogen will rapidly vaporize and expand in the jacket. And the state of nitrogen sweeping the pipe wall is very complicated, so it is hard to obtain the precise value of the convective heat transfer coefficient of the outer wall of the pipe. Perkins et al. [15], who found the average heat transfer coefficient will be affected by the flow in the laminar boundary layer and the separation area on the tube, derived the equation for estimating the average heat transfer coefficient on the cylinder:


ho=kNDo[0.31Re0.50+0.11Re0.67]Pr0.40
(6)

Decompose 
T(r,t)
by separating variables:


T(r,t)=R(r)Γ(t)
(7)

Incorporating Eq. (7) into Eq. (1):


1R(r)(d2R(r)dr2+1rdR(r)dr)=1αΓ(t)dΓ(t)dt
(8)

In this equation, the left side is about the space, and the right side is about the time, then there is:


1R(r)(d2R(r)dr2+1rdR(r)dr)=1αΓ(t)dΓ(t)dt=−λ2
(9)


λ
is eigenvalue, then:


dΓ(t)dt+αλ2Γ(t)=0
(10)


d2R(r)dr2+1rdR(r)dr+λ2R(r)=0
(11)

By solving the Eq. (10), the following equation is obtained:


Γ(t)=e−αλ2t
(12)

Eq. (11) is the zero-order Bessel equation. The defined problem is called eigenvalue problem. It can obtain solution only when 
λ=λm,m=1,2,3…
, so, 
R(r)
is related to 
λm
and becomes 
R(λm,r)
. The solution of 
R(λm,r)
is composed of the first kind of zero-order Bessel function 
J0(λm,r)
and the second kind of zero-order Bessel function 
Y0(λm,r)
. When 
r
= 0, 
Y0(λm,r)
is infinite, so the finite value solution at 
r
= 0 is taken as:


R(λm,r)=J0(λmr)
(13)

If Eq. (13) satisfies the boundary condition Eq. (2), then the eigenvalue 
λm
is the positive root of the following transcendental equation:


λmJ0′(λmRinn)+UJ0(λmRinn)/kL=0
(14)

The complete solution of the temperature, 
T(r,t)
, can be formed by the basic solution of the separation equation containing variables according to the principle of linear superposition, and its form is:


T(r,t)=∑m=1∞cme−αλm2tR(λm,r)
(15)

Bring initial condition Eq. (3) into Eq. (15):


T(r,0)=∑m=1∞cmR0(λm,r)
(16)

The unknown coefficient 
cm
can be determined according to the orthogonality of the characteristic function 
R(λm,r)
:


∫0RinnrR(λn,r)R(λm,r)dr={0m≠nN(λm)m=n
(17)

Then use the operator 
∫0RinnrR(λm,r)dr
to operate on both sides of Eq. (16), and combined Eq. (17), it can get:


cm=1N(λm)∫0RinnrR(λm,r)F(r)dr
(18a)


N(λm)=∫0RinnrR2(λm,r)dr
(18b)

Bring the value of 
cm
into Eq. (15), and use the properties of Bessel function to obtain the final form of 
T(r,t)
:


T(r,t)=T∞+2u(Ti−T∞)Rinn∑m=1∞e−αλm2tJ0(λmr)(λm2+u2)J0(λmRinn)
(19)

Eq. (19) is a heat transfer model with a space variable 
r
and a time variable 
t
, which can obtain the transient temperature field in a one-dimensional tube when the plugging agent is liquid.

2.3 Freezing Model

When the plugging agent undergoes a phase change, it can be considered that the solid phase and the liquid phase are at the same temperature, thus the focus should lie in the movement of the solid phase and the liquid phase. The governing equations for the temperature distribution of solid phase and liquid phase are as follows:


TL(r,t)=Tf0≤r<rin(t)
(20)


1r∂∂r(r∂Ts∂r2)=1αs∂Ts∂trin(t)<r≤Rinn
(21)

The boundary condition and initial condition are as follows:


Ts(rin,t)=Tfr=rin
(22)


−ks∂Ts(r,t)∂r=U[Ts(r,t)−T∞]r=Rinn
(23)


Ts(r,t)=Tft=0
(24)


rin(t)=Rinnt=0
(25)

The phase change is accompanied by the movement of the solid-liquid interface. Due to the energy conservation of the solid-liquid interface, another boundary condition–the interface energy equation–will produce. 
rin(t)
is the transient position of the interface, and the energy equation of the solid-liquid interface is:


ks∂Ts(r,t)∂r=ρsLdrdtr=rin
(26)

Eq. (21) can be solved by variable separation [16]. And Eq. (21) together with Eq. (25) determine the inhomogeneity of 
Ts(r,t)
, so it can be assumed that the solution of 
Ts(r,t)
is the sum of two functions. One is a general solution to r and t, 
Ψ(r,t)
, and another is special solution for r, 
ϕ(r)
, then:


Ts(r,t)=Ψ(r,t)+ϕ(r)
(27)

Incorporating Eq. (27) into Eq. (21):


1r∂∂r(r∂Ψ∂r)=1αs∂Ψ∂t
(28)


1rddr(rdϕdr)=0
(29)

Decompose 
Ψ(r,t)
as following:


Ψ(r,t)=ℜ(r)τ(t)
(30)

where:


ℜ(r)=AkJ0(λkr)+BkY0(λkr)
(31)


τ(t)=Cke−αsλk2t
(32)

where 
Ak
, 
Bk
and 
Ck
are integral constants; 
λk
is the eigenvalue. In order to determine 
λk
, the boundary condition Eq. (23) is incorporated into Eq. (31):


λk[J1(λkRinn)−J0(λkrin)Y0(λkrin)Y1(λkRinn)][J0(λkRinn)−J0(λkrin)Y0(λkrin)Y0(λkRinn)]=Uks
(33)

One of the values of 
λk
is
λk=λ0=0
. Put 
λ0
into Eqs. (31) and (32), and then put boundary conditions (22) and (23) into Eq. (31):


Ψ(r,t)=ℜ(r)τ(t)=0ℜ(r)=0
(34)

Then the solution of 
Ψ(r,t)
is


Ψ(r,t)=∑k=1∞ak[J0(λkr)−J0(λkrin)Y0(λkrin)Y0(λkr)]e−αsλk2t
(35)

where 
ak=AkCk
.

By solving Eq. (29):


ϕ(r)=Eln r+F
(36)

where E and F are integral constants. Bring the boundary conditions Eqs. (22) and (23) into Eq. (36):


E=U(Tf−T∞)Uln(rinRinn)−ksRinn
(37a)


F=Tf−U(Tf−T∞)Uln(rinRinn)−ksRinnln rin
(37b)

Then introduce E and F into 
ϕ(r)
, and 
ϕ(r)
into Eq. (27). It can be achieved that the temperature distribution in the solid phase is:


Ts(r,t)−Tf=U(Tf−T∞)Uln⁡(rinRinn)−ksRinnln⁡(rrin)+∑k=1∞ak[J0(λkr)−J0(λkrin)Y0(λkrin)Y0(λkr)]e−αsλk2t
(38)

Putting Eq. (38) into the energy Eq. (26):


[U(Tf−T∞)rin[Uln⁡(rinRinn)−ksRinn]+∑k=1∞akλk[J0(λkrin)Y0(λkrin)Y1(λkrin)−J1(λkrin)]e−αsλk2t]ks≈ρsLdrindt
(39)

Then different eigenvalues 
λk
can be brought into Eq. (39) by using Matlab. Through first-order finite difference approximate estimation, it is found that the approximate value of the first term dominated by the summation term of infinite series is 
10−7
, then:


ksU(Tf−T∞)rin[Uln(rinRinn)−ksRinn]≈ρsLdrindt
(40)

Eq. (40) gives the position changes of t the solid-liquid interface over time under the condition of radial axis symmetry in the pipeline, which could be used to predict whether the freezing and plugging is accomplished.

3  Experiment

3.1 Experiment System

In order to verify the heat transfer model, one freezing and plugging experiment system with a 219 mm long pipeline was designed and built. As it is shown in Fig. 3, the system includes experimental pipelines, refrigeration jackets, liquid nitrogen delivery devices, temperature data collection devices, pressurizing devices, pressure monitoring devices and related accessories. The parameters are shown in Table 1.
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Figure 3: Pipe freezing and plugging experimental system
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3.2 Experimental Method

Generally, water or solid water emulsifier [13] is used as the plugging agent when freezing and plugging gas pipelines. This experiment takes water as the plugging agent, and the thermal physical parameters [17] of which are in Table 2.

[image: images]

Firstly, the pipe will be filled with water to replace the gas. Secondly, all valves of the pipe will be closed. Then, we press 5 MPa into the pipe through a nitrogen bottle and last for 30 min. The tightness of the experimental system can be determined by observing whether there is water seepage at the pipe wall, joints or welds. After the test, the pressure can be released.

At the beginning of the experiment, we can inject the plugging agent into the pipe through Nipple.1 until the pipe is full. Then the liquid nitrogen tank valve 1 will be opened to transport the liquid nitrogen through Nipple.3 to refrigerate. A temperature sensor is installed at the nitrogen’s outlet Nipple.2 to measure the refrigeration temperature, which is adjusted by the flow change of the liquid nitrogen. In this system, 5 groups of different refrigeration temperatures are set within the range of –30°C to –71°C. The temperature of the plugging agent is measured by the temperature sensor set at the center of the pipeline. These data, which will be gathered every 1 s, will be collected by the XMT624 intelligent PID device, and recorded by a computer. At both ends of the jacket, the pipe is filled with thermal insulation materials to simulate the airbag to limit the position of the plugging agent. The pipe and refrigeration jacket are equipped with insulation layers to reduce the outside interference.

Once the temperature in the center of the pipeline reaches below 0°C, it can be considered that the freezing plug is completely closed [18]. Then we can open the pressurizing device to pressurize the pipe from 0 MPa to 2 MPa through Nipple.3. Nipple.1 on the other side of the pipeline is in the normally open state. If the freezing plug is not entirely closed, there will be gas or plugging agent overflow from Nipple.1. If not, we can conclude that the freezing plug is formed. Then the freezing model can be verified by whether the freezing plug is closed and the time it cost.

4  Results and Discussion

4.1 Experiment Result

When the average refrigeration temperature, 
T∞
, of liquid nitrogen is –30.4°C, –41.3°C, –52.1°C, –60.8°C and –70.2°C, the temperature change of the plugging agent is shown in Fig. 4. It can be seen that the temperature of the plugging agent shows a downward-steady-downward trend. This is because at the first stage, the plugging agent will gradually cool down to its freezing point under the action of liquid nitrogen, during which the plugging agent will remain in a liquid state. Then the plugging agent will begin to release latent heat and freeze, and the solid-liquid interface will gradually move from the pipe wall to the center of the pipe until the plugging agent is completely frozen. In this period, the temperature is almost constant. After the plugging agent was entirely frozen, it will continue cooling down in the solid-state, which is similar to the heat transfer process of frozen soil [19].

[image: images]

Figure 4: Temperature change of plugging agent at different refrigeration temperatures

The cooling, freezing time, and cooling rate of the plugging agent in the 5 groups of experiments are shown in Table 3.

[image: images]

4.2 Model Verification

The cooling and freezing time of the plugging agent in the pipeline depends on the transient temperature distribution of the liquid and solid phases. The temperature distribution model Eqs. (19) and (40) are used to estimate the cooling and freezing time of the plugging agent respectively. The total heat transfer coefficient, U, which is the main parameter needed to be determined, is calculated by Eqs. (4)–(6). The value of U at different liquid nitrogen refrigeration temperatures are shown in Table 4.

[image: images]

Put the value of U into Eqs. (19) and (40) to get the model result. The comparison between the model calculation value and the experiment is shown in Fig. 5. As shown in Fig. 5a, the error between theoretical value and actual value is large when the plugging agent was cooled from the liquid state to the freezing point. The minimum error is 25.41%, and the maximum is 50.92%. The reason for this phenomenon is that because when cooling, the temperature of the plugging agent near the pipe wall is low, while near the center of the pipe is relatively high. The uneven density of the plugging agent caused by the temperature will cause a small but complex convection effect [20], which enhanced the heat transfer effect [21]. Fig. 5b shows that the average error between the model and the experiment is 13.91% during the freezing process. As shown in Fig. 5c, the average error of the total time (liquid cooling time plus freezing time) between the heat transfer model and the experiment is just 17.18%. So, it can be considered that the model agreed with the experimental results.

In the cooling stage, the error between the model and the experiment is at the range of 25.41%–50.92%. This mainly caused by the ignorance of the natural convection of the refrigerant in the tube. As the cooling temperature of liquid nitrogen decreases, the convective heat transfer coefficient outside the tube increases and the error is gradually reduced, which indicates that the effect of forced convection outside the tube is stronger than the natural convection inside.

At the freezing stage, the maximum error between the model and the experiment is 15.23%, and the minimum is 7.81%. The lower the liquid nitrogen refrigeration temperature, the smaller the error is. The main cause of the error is that the process of vaporization and expansion of liquid nitrogen in the jacket is complicated, and the convective heat transfer coefficient estimated by the model is different from the real situation. The overall average error between the experiment and the model is 17.18%, which includes the error of the cooling stage and the freezing stage. Although the error of the cooling stage is relatively large, it accounts for a small proportion in the overall time. It is the freezing phase that controls the main error. As the refrigeration effect of liquid nitrogen increases, the overall error shows a decreasing trend. The model uses the outlet end temperature of the refrigeration jacket to represent the average refrigeration temperature of the jacket, which leads that the date of the heat transfer model is more conservative than the experimental results.

[image: images]

Figure 5: Comparison of heat transfer model and experiment in (a) cooling time, (b) freezing time and (c) total (cooling+freezing) time

4.3 Pipe Freezing Plugging Time Prediction

Based on the consistency between the heat transfer model and the experimental results, the model can be used to predict the time required for the freezing and plugging at different refrigeration temperatures when water is used as the plugging agent at an initial temperature of 25°C in the gas transmission pipeline. It provides a reference for predicting whether the plugging in the pipe is reached during the freezing and plugging. The calculation and prediction results are shown in Fig. 6. It can be seen that the freezing and plugging time of the pipe raises as the increasing of the pipe diameter and shortens with the decrease of the refrigeration temperature. When the refrigeration temperature is –30°C to –70°C, reducing the refrigeration temperature can significantly shorten the freezing and plugging time. When the refrigeration temperature is –70°C to –100°C, reducing the refrigeration temperature has little effect on the freezing and plugging time.

[image: images]

Figure 6: Prediction of freezing plugging time for pipes of different diameters

5  Conclusion

The main conclusions of this article are as follows:

(1) A heat transfer model that can be used to predict the transient temperature field and the position of the phase interface of the plugging agent in the pipeline during freezing and plugging of gas pipelines has been established.

(2) The heat transfer model was verified by a self-designed freezing and plugging experiment with water as a plugging agent. The results showed that the average error is 17.18%. And the greater the heat transfer temperature difference, the smaller the error is. The established heat transfer model is greatly consistent with the experiment.

(3) The heat transfer model is used to predict the time needed for freezing and plugging of gas pipelines with different diameters under different heat transfer conditions when water is used as the plugging agent, which provides a reference for whether the plugging conditions are achieved during the pipe’s freezing and plugging.
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Table 1: The composition and related parameters of the experimental system

Experimental
system unit

Unit composition

Related parameters

Experimental pipe
unit

Refrigeration unit

Temperature
acquisition unit

Pressurizing unit

Pressure monitoring
unit

L485MB seamless steel tube

Flange
Refrigeration jacket

Liquid nitrogen delivery device

PT100 thermal resistance
temperature sensor

XMT624 Intelligent PID
Regulator

Computer
High-pressure nitrogen bottle
Pressure reducing valve

Pressure Sensor

XMT624 Intelligent PID
Regulator

Computer

6125 x 219 x 7(mm) (Length x outer diameter X
wall thickness)

PN6.3 MPa

1000 x 362 %< 9(mm) (Length x outer diameter X
wall thickness)

175 L self-pressurized liquid nitrogen tank

Temperature collection range —200 to 100°C,
accuracy £0.15°C

Volume 40 L, pressure 5 MPa
Pressure regulating range 0—5 MPa

The monitoring range 1s 0—20 MPa, and the
accuracy 1s £0.05 MPa
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Table 3: Cooling time of plugging agent

Refrigeration Initial temperature of Liquid cooling Solidification Cooling rate
temperature T, (°C) plugging agent T; (°C) time (min) time (min) (°C min™")
-30.4 26.9 60.5 172.5 0.44

—41.3 27.2 46.6 153.8 0.58

-52.1 30.2 26.9 101.1 1.12

—60.8 28.2 22.1 92.5 1.28

—70.2 27.3 18.1 81.3 1.51
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Table 4: Value of total heat transfer coefficient at different refrigeration temperatures

Refrigeration Total heat transfer
temperature T, (°C) coefficient U (W-m2°C™")
-30.4 129.34

—41.3 138.97

—52.1 150.28

—60.8 163.56

—70.2 181.43
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Table 2: Thermophysical parameters of plugging agent

Plugging agent Water Ice
Solidification temperature (°C) 0 0

Thermal diffusivity (m? s™) 14 x 1077 1.2 x 107
Specific heat capacity (J kg™'°C™) 4200 2100
Thermal Conductivity (W m™°C™")  0.59 2.2
Density (kg m™) 1000 917

Latent heat (J kg™) 334000
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