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Abstract: The pipeline for marine transportation of high-temperature oil and gas is affected by the convective

heat transfer of the fluid inside the pipe and the internal heat source. With the rise of the pipe body tempera-
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ture, the heat will also transfer from the pipe wall surface to the external low-temperature seawater, to form a
temperature gradient in the pipeline radial and axial direction. The 2D transient heat transfer in an axisymmetric
single-layer pipe with non-homogeneous boundary conditions and an internal heat source was analyzed with the
integral transform technique. First, the 2D transient temperature was expressed as a combination of axisymmet-
ric 1D steady-state temperature with a heat source, a filtered 2D steady-state temperature, and a filtered homo-
geneous 2D transient temperature, and was non-dimensionalized. Next, based on the method of separating vari-
ables to determine the integral transform pairs in radial and axial directions, the heat conduction control equa-
tions and boundary conditions plus initial conditions were subjected to the integral transform process to sepa-
rate the time and space dependence of transient temperatures, and the 1st-order linear ordinary differential e-
quations with respect to time were obtained. Finally, the theoretical solution of the 2D transient temperature
distribution was obtained through the inverse transformation of the integral transform pair, and the 2D transient
temperature distribution was verified through comparison of the results with the steady-state temperature distri-
bution. On this basis, the effects of different combinations of inner and outer Biot numbers and different heat
source strengths G on the temperature distributions of pipes were investigated. The results show that, the tem-
perature gradients and temperature values in the spatial and temporal dimensions of the pipe are larger for the
same combination of internal and external Biot numbers and for the high intensity of the heat source. There are
differences in the temperature gradient and overall temperature distribution in the spatial and temporal dimen-
sions when the intensity of the heat source is the same but the combinations of the internal and external Biot
numbers are different. In the radial direction and the temporal dimension, the temperature distribution curves of
different combinations of inner and outer Biot numbers have an intersection point where the temperature gradi-
ent and the relative magnitude of the temperature values change, but this phenomenon does not occur in the ax-

ial direction.

Key words: transient heat conduction; axisymmetric single-layer pipe; integral transform; non-homogeneous
boundary condition
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Fig. 1 The single-layer pipe with internal heat source and subjected to convection at both surfaces
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(a) The temperature distribution through the thickness and in the axial direction of the pipe for 7 = 10*
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(b) The temperature distribution over time and through the thickness direction for ¢ = 0.5
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(¢) The temperature distribution over time and in the axial direction forn = 1.5
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Fig. 2 Spatiotemporal distributions of 2D dimensionless transient temperatures in a single-layer pipe
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Fig. 3 Comparison of dimensionless transient temperatures and steady-state temperature distributions
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Table 1 Dimensionless temperatures 8(7,&,7) at spatial locations of the pipe for varying eigenvalue orders at fixed time 7 = 10*

n 1.2 1.5 1.6 1.8 2.0

N =20 0.713 8 0.706 0 0.702 1 0.686 8 0.513 2

N =125 0.714 2 0.706 9 0.702 5 0.688 4 0.517 0

¢ = 0.001 N = 30 0.714 4 0.706 8 0.702 7 0.687 6 0.518 8
N =35 0.714 4 0.706 6 0.702 8 0.688 0 0.519 8

N =40 0.714 5 0.706 6 0.702 8 0.687 8 0.520 3

N =20 0.706 6 0.691 0 0.683 4 0.653 6 0.425 1

N =25 0.706 7 0.691 2 0.683 5 0.654 0 0.426 1

& = 0.002 N =30 0.706 8 0.691 2 0.683 6 0.653 9 0.426 4
N =35 0.706 8 0.691 2 0.683 6 0.653 9 0.426 5

N =40 0.706 8 0.691 2 0.683 6 0.653 9 0.426 6

N =20 0.683 4 0.645 2 0.626 9 0.558 2 0.280 6

N =125 0.683 4 0.645 2 0.626 9 0.558 2 0.280 6

& = 0.005 N =30 0.683 4 0.645 2 0.626 9 0.558 2 0.280 6
N =35 0.683 4 0.645 2 0.626 9 0.558 2 0.280 6

N =40 0.683 4 0.645 2 0.626 9 0.558 2 0.280 6

N =20 0.643 8 0.572 8 0.539 7 0.430 0 0.177 0

N =125 0.643 8 0.572 8 0.539 7 0.430 0 0.177 0

¢ = 0.01 N = 30 0.643 8 0.572 8 0.539 7 0.430 0 0.177 0
N =35 0.643 8 0.572 8 0.539 7 0.430 0 0.177 0

N = 40 0.643 8 0.572 8 0.539 7 0.430 0 0.177 0

N =20 0.342 9 0.212 4 0.173 2 0.100 0 0.032 5

N =125 0.342 9 0.212 4 0.173 2 0.100 0 0.032°5

¢ =01 N = 30 0.342 9 0.212 4 0.173 2 0.100 0 0.032°5

N =35 0.342 9 0.212 4 0.173 2 0.100 0 0.032°5

N = 40 0.342 9 0.212 4 0.173 2 0.100 0 0.032 5

K2 ARMBBTIEE ¢ = 0.5 b AFE AR RGP R 0(9,€,7)

Table 2 Dimensionless radial temperatures 8(n,&,7) at axial position ¢ = 0.5 for varying eigenvalue orders and times

n 1.2 1.5 1.6 1.8 2.0
N =120 0.1353 0.043 9 0.028 9 0.0118 0.003 3
N =25 0.131 4 0.040 5 0.026 0 0.009 9 0.002 7
=01 N =30 0.130 4 0.039 6 0.025 2 0.009 4 0.002 5
N =35 0.131 2 0.040 3 0.025 8 0.009 8 0.002 7
N = 40 0.131 4 0.040 4 0.0259 0.009 9 0.002 7
N =20 0.2429 0.126 7 0.098 4 0.052 6 0.016 5
N =25 0.242 7 0.126 5 0.098 2 0.0525 0.016 5
=03 N = 30 0.242 7 0.126 5 0.098 2 0.0525 0.016 5
N =35 0.242 7 0.126 5 0.098 2 0.052 5 0.016 5
N = 40 0.242 7 0.126 5 0.098 2 0.052 5 0.016 5

ek
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n 1.2 1.5 1.6 1.8 2.0
N =20 0.290 6 0.167 5 0.134 0 0.075 1 0.024 1
N =25 0.290 6 0.167 4 0.133 9 0.075 1 0.024 1
=05 N =30 0.290 6 0.167 4 0.133 9 0.075 1 0.024 1
N =35 0.290 6 0.167 4 0.133 9 0.075 1 0.024 1
N = 40 0.290 6 0.167 4 0.133 9 0.075 1 0.024 1
N =20 03125 0.186 3 0.150 4 0.085 5 0.027 6
N =25 03125 0.186 3 0.150 4 0.085 5 0.027 6
=07 N =30 03125 0.186 3 0.150 4 0.085 5 0.027 6
N =35 03125 0.186 3 0.150 4 0.085 5 0.027 6
N = 40 03125 0.186 3 0.150 4 0.085 5 0.027 6
N =20 0.322 6 0.194 9 0.157 9 0.090 3 0.029 2
N =25 0.322 6 0.194 9 0.157 9 0.090 3 0.029 2
7 =09 N =30 0.322 6 0.194 9 0.157 9 0.090 3 0.029 2
N =35 0.322 6 0.194 9 0.157 9 0.090 3 0.029 2
N = 40 0.322 6 0.194 9 0.157 9 0.090 3 0.029 2
53 ARFEMBEITEER 7 = 1.5 B R RN R R EE 0(n, &, 7)
Table 3 Dimensionless axial temperatures 0(1,£,7) at radial position n = 1.5 for varying eigenvalue orders and times
& 0.001 0.002 0.005 0.01 0.1
N =20 0.697 8 0.674 7 0.604 7 0.493 1 0.054 2
N =25 0.697 5 0.672 4 0.598 5 0.4815 0.043 7
7= 0.1 N =30 0.696 7 0.671 0 0.595 0 0.475 1 0.037 7
N =35 0.696 1 0.670 2 0.593 3 0.472 1 0.039 7
N = 40 0.696 0 0.669 9 0.592 5 0.470 8 0.040 7
N =20 0.703 7 0.686 5 0.634 0 0.550 7 0.129 7
N =25 0.704 6 0.686 6 0.633 8 0.550 2 0.129 3
=03 N =30 0.704 5 0.686 6 0.633 7 0.550 1 0.129 3
N =35 0.704 3 0.686 5 0.633 7 0.550 1 0.129 3
N = 40 0.704 3 0.686 5 0.633 7 0.550 1 0.129 3
N =20 0.705 2 0.689 5 0.6415 0.565 4 0.175 0
N =25 0.706 2 0.689 7 0.641 5 0.565 4 0.175 0
=05 N =30 0.706 1 0.689 7 0.641 5 0.565 4 0.175 0
N =35 0.705 9 0.689 7 0.641 5 0.565 4 0.175 0
N = 40 0.705 9 0.689 7 0.641 5 0.565 4 0.175 0
N =20 0.705 7 0.690 4 0.643 8 0.570 1 0.196 0
N =25 0.706 7 0.690 7 0.643 8 0.570 1 0.196 0
=07 N =30 0.706 6 0.690 6 0.643 8 0.570 1 0.196 0
N =35 0.706 4 0.690 6 0.643 8 0.570 1 0.196 0
N = 40 0.706 4 0.690 6 0.643 8 0.570 1 0.196 0
N =20 0.705 9 0.690 7 0.644 7 0.5717 0.205 3
N =25 0.706 8 0.691 0 0.644 7 0.5717 0.205 3
=09 N =30 0.706 7 0.691 0 0.644 7 0.5717 0.205 3
N =35 0.706 5 0.690 9 0.644 7 0.5717 0.205 3
N = 40 0.706 5 0.690 9 0.644 7 0.5717 0.205 3
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