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Abstract. When using the conventional finite element method, a great number of grid nodes are necessary
to describe the large and uneven temperature gradients in the concrete around cooling pipes when
calculating the temperature field of mass concrete with cooling pipes. In this paper, the temperature gradient
properties of the concrete around a pipe were studied. A new calculation method was developed based on
these properties and an explicit iterative algorithm. With a small number of grid nodes, both the temperature
distribution along the cooling pipe and the temperature field of the concrete around the water pipe can be
correctly calculated with this new method. In conventional computing models, the cooling pipes are
regarded as the third boundary condition when solving a model of concrete with plastic pipes, which is an
approximate way. At the same time, the corresponding parameters have to be got by expensive experiments
and inversion. But in the proposed method, the boundary condition is described strictly, and thus is more
reliable and economical. And numerical examples were used to illustrate that this method is accurate,
efficient and applicable to the actual engineering.
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1. Introduction

Pipe cooling has been an effective measure to prevent concrete from cracking (Xie et al. 2005,
Wang et al. 2008). Nowadays, pipe cooling are widely used in walls of nuclear power plants
(Dundulis et al. 2007, Silin et al. 2010), and in civil building concrete walls for air-conditioning or
other purposes (Koschenz et al. 1999, Tan et al. 2010, He et al. 2010, Ni et al. 2011).

However, calculating the temperature field of mass concrete with cooling pipes using an
available and reliable method is a rather difficult problem due to the large and uneven temperature
gradients of the concrete around pipes. The temperature of fresh concrete is especially hard to
simulate because of hydration heat. 3D (three-dimensional) finite element method is a powerful
measure to solve this problem, and has been studied for a long time. Early studies, such as pseudo
3D and 3D finite element methods, were developed and used for a long time (Kawaraba et al. 1986,
Machida et al. 1987).

However, the pseudo 3D method was converted from a simple two-dimensional (2D) analysis
method and cannot correctly apply boundary conditions for the atmosphere and cooling water
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convection. The equivalent heat methods (Zhu 2003) has widely been applied in mass concrete
structures such as concrete dams and got satisfying results. But it does not consider the
temperature distribution of the concrete near pipes. It is important in the walled structure.

Then, some calculation methods based on heat transfer by heat balance principle is developed,
such as Jin Keun Kim method (Kim et a/. 2001). The water temperature distribution along the pipe
can be calculated using these methods, and the boundary conditions of the atmosphere can also be
applied. However, the temperature gradient properties are simplified. Thus, the calculation result is
sometimes unreliable, or a great number of grid nodes have to be used to guarantee accuracy. Also
based on the heat balance principle, an explicit iterative algorithm was developed by former
researchers (Zhu et al. 2003, Zhu 2010). With the development of the corresponding technique to
find the pipe boundary along the pipe line, this method is also suitable for practical problems with
numerous snake-shaped internal cooling pipes (Deng et al. 2008). This method involves a strict
mathematical deduction, but it also requires a large number of grid nodes to ensure the accuracy of
temperature gradients in the concrete surrounding the pipe.

Given the temperature gradient properties of the concrete near the pipe, a calculation method
for temperature field around pipe was developed in this paper based on the explicit iterative
algorithm method. With a relatively small number of grid nodes, both the temperature distribution
along the cooling pipe and the temperature field of the concrete around the water pipe can be
correctly calculated by this new method. And numerical examples were used to illustrate that this
method is accurate, efficient and applicable to the actual engineering in this paper.

2. Fundamental theories
2.1 Fourier’s law of heat conduction

Assume that the material obeys Fourier’s law of heat conduction

or (T T &T) o8
—=a| A+ — |+ — V(x,y,z) €R 1
o a[axz P 622] o (Vx.y.2) € R) o

where T is the temperature, a is the thermal diffusivity, 6 is the adiabatic temperature rise, ¢ and
stand for the time and age, respectively, and R is the domain studied.

2.2 Formulas for adiabatic temperature rise

There are several different formulas for adiabatic temperature rise, or the rate of adiabatic
temperature rise (Schutter 2002, Zhang et al. 2002, Zhu 2003). And there are also some
experiment and back analysis about the adiabatic temperature rise (Wang et al. 2008).

Zhu (2003) considered that rate of adiabatic temperature rise can be expressed by

@:00 abz.bflefarb (2)

where 0, is the maximum adiabatic temperature rise of the concrete, t is the age of the
concrete.
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Fig. 1 Sketch of pipe cooling in concrete Fig. 2 Heat exchange faces

Schutter (2002) considered that the rate of temperature increase in fresh concrete can be
described as

d(0,(1)

dt

= ¢[sin(za)|* exp(- bar) 3)
where « is the degree of hydration.

2.3 Calculation of the temperature field based on the explicit algorithm

The deduction of the calculation of the temperature field based on the explicit algorithm can be
shown as following:

Fig. 1 is a section of pipe in concrete, and Fig. 2 is the heat exchange face.

By studying the heat exchange between water and concrete, the heat transfer through the pipe
surface within time df can be expressed as

dQ, = ” g,ds dt =2 I J' ‘Z—:ds dt (4)
re re

where / is the thermal conductivity of the concrete, I is the interface between the concrete and
pipe, and # is the interface normal vector.
The heat absorbed by water flowing through the section of pipe within time df is

dQl = prwAquwdt (5)

where ¢,, p,, and g,, stand for the specific heat, density of water and flux, respectively, and AT,
is the water temperature difference between the inlet and outlet of the pipe section.

Given that the volume of the pipe is very small, and the water body heat increment in the pipe
section can be neglected. From Eqs. (4) and (5), the water temperature increment within the pipe
section can be found

AT, = cw;jqw j j Ly, (©)

Because the inlet water temperature is known, the water temperature at any pipe section along
the pipe can be calculated step by step. If there is a water pipe divided into several pipe sections
and the water temperature increment of one pipe section is AT,,; and the inlet water temperature is
T\, then
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Twi = TWO + ZAij (7)
Jj=1

Because the unknown temperature gradient on the interface between the concrete and pipe
affects the water temperature distribution along the pipe, it is a non-linearity problem of the
boundary conditions and cannot be solved directly. Therefore, an iterative method should be used.

For the first iteration, the water temperature along water pipe is assumed equal to the inlet
water temperature. The approximate solution of the temperature field can be calculated with Eq.
(1). Then, the water temperature distribution along the water pipe can be calculated with Eqgs. (6)
and (7). The process is then repeated until the water temperature distribution along the water pipe
and the concrete temperature field reaches a steady-state solution.

2.4 Basic theories of boundary conditions

There are four kinds of boundary conditions according to the way heat exchanges.
(1) The first boundary condition:
Surface temperature of concrete is known as function of time, which can be expressed by

I'(r)=f(7) ®)

where T is temperature of concrete surface and 7 is time.
(2) The second boundary condition
Heat flux of concrete surface is known as function of time, which can be expressed by

oT
-A—=f(7) )
on

where 7 is the concrete surface normal vector, A is the thermal conductivity of the concrete.
(3) The third boundary condition
When contacted with air, heat flux of concrete surface can be expressed by

oT
=—1— 10
1 on (10)

Under the third boundary condition, it is supposed that heat flux of concrete surface is
proportional to the temperature difference between air temperature and surface temperature of
concrete, and can be expressed by

2 par-T) (an
on

where T, is the air temperature and /3 is heat transfer coefficient.
(4) The forth boundary condition
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Fig. 3 Mass concrete with cooling pipe Fig. 4 Typical cross-section of Fig. 3

When two materials contact well, the temperatures of their interface and heat flux is continuous
which can be expressed by

=T,
oT oT (12)
by e

A on * on

where 7, and 7, are the interface temperature of two materials, A4, and A, are the thermal

conductivities of two materials.

When using metal pipes, temperature difference between inner surface and outer surface can be
neglected. For plastic pipes, temperature difference between inner surface and outer surface should
be taken into consideration. Inner surface of the pipe should be regarded as the first boundary
condition, while the interface between concrete and pipe should be regarded as the fourth
boundary condition.

3. Calculation method of temperature field around water pipe
3.1 Temperature characteristics of the concrete around a pipe

Because the heat convection coefficient between the water and the pipe is much greater than
that between the concrete and the air, a region is found around the pipe where the temperature
gradient is perpendicular to the pipe surface. The range of the region is highly relevant to the
thickness. Generally, compared with a thin-wall structure made of high-hydration heat concrete,
the range of the region in mass concrete made of low-hydration heat concrete is much greater.
According to whether the temperature gradient is perpendicular to the pipe surface, the mass
concrete with cooling pipes can be separated into two parts: part A is the circle area with a radius
ry where the temperature gradient is perpendicular to the pipe surface, and part B is the rest (shown
in Figs. 3-5). Theoretically, 7, can be greater than 0.12 m for almost all structures and situations
and even can be greater than 0.25 m for some structures and situations, but r;is recommended to
be 0.1 m to satisfy all situations (The value of 7,is proved in numerical example 1).

In Fig. 5(a), 7, is the outer radius of the pipe. Assuming that there is a circular-arc surface with
angle ¢ and that the distance from the center of the pipe to the circular-arc surface is 7, (shown in
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(a) Sectional drawing with angle ¢ (b) Length of a section of pipe

Fig. 5 One typical segment of part A

Fig. 5(a)). The heat transferred through the circular-arc surface within time d is
0, =01+, - 0s (13)

where Q) is the heat transfer through the interface AB (shown in Fig. 4) within time dz, Q, is
the heat caused by the hydration of the concrete between 7, and r, within time dz, and (s is the heat
stored in the concrete between r, and r,; within time dr, O, is the heat transferred through the
circular-arc surface within time dx.

The heat caused by the hydration of the concrete between r, and r,; within time dz is

2 2
0, = (/7(rd i )2Acgaccpcdl (14)

where Ad, is the adiabatic temperature rise which can be expressed by formulas such as Egs. (2)
and (3) , dl is the length of the pipe section, ¢, is the specific heat of the concrete, and p. is the
density of the concrete.

The heat stored in the concrete between 7, and r; within time dz is

2 2
Q3 _ % (rd I )ﬁebccpcdl (15)

where Af, is the temperature increment in part A within time dx.
Then according to Egs. (13)-(15),the heat transferred through the circular-arc surface within

time de( 0, ) can be expressed by

2 2
0,=0+ q)(rd — 7 )(Aeaz—Aeb)ccpcdz (16)

Define N, as the temperature gradient on the circular-arc surface, then Q, can also expressed
by

0, =N, Aprdldr (17)
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Fig. 6 Elements around the node

where /4 is the thermal conductivity of the concrete.
Using Eqgs. (16) and (17)

2 2
Nx _ ZQI +o (rd — Ty XAga _Aeb)ccpcdl (18)
2Ap rdldt

3.2 Simulation of the temperature field in part A when using a metal pipe

The interface PC is defined as the interface between the pipe and concrete. Because the
temperature gradient in part A can be fitted by Eq. (18), within an angle ¢ (shown in Fig. 5(a)) the
temperature difference between the interface AB (shown in Fig. 4) and interface PC is

AT, = J-nz 20, +¢ (ra,2 —erAHa —AHb)ccpcdldr (19)
1, 249 r.dl du ¥

There is a node belonging to four elements (#1, #2, #3 and #4 element in Fig. 6). Surface ab is
part of interface AB, which belongs to elements #1 and #2, and surface bc is also part of interface
AB, belonging to elements #3 and #4.

Eq. (19) gives the temperature difference between the interface PC and the interface AB on the
four elements, and they are denoted as AT, AT.n, ATy and ATy Then, the temperature
difference between the interface PC and the node is

AT = ATy + AT ypy + ATy3 + ATy (20)
: 4

Based on the heat balance principle and the combination of Egs. (14) and (15), the water
temperature increment within the pipe section is

or
—ﬂ-[.[andsdr+Q2 0,
AT, =—L (©2))

where I"*” is the interface AB.
Based on Egs. (14), (15) and (21) and the number of the elements around the pipe is m
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—2ljjgdsdr+kznj;[¢k ccpc(rf —erAlga _Aeb)dli]

l-AB

AT,

wi

22
2prwqwdT ( )

where Z(gok) =2z anddl,is the length of the pipe section.
=1
When using a metal pipe, the temperature difference between the inner and outer surfaces of
the pipe can be neglected. Thus, the temperature distribution on the interface AB along the pipe is

T, =T+ ) AT, +AT, (23)
j=1

where T, is the inlet water temperature.
AB), can be calculated using the following method.
Without considering A8, the temperature difference between the interface PC and the interface

AB at time 7 is AT““’ » without considering Af,, the water temperature increment in every pipe

section at time 7 is AT;“ , then, the average temperature in part A, within angle ¢, is

i . ATt

T™ =T+ AT + . I AT ol Ze e g (24)
: - " (rd - ) Ta r, T,
7= a In| <+
ra
T
Then

AG, = T8 -T2 (5)

According to Eq. (22), the unknown temperature gradient on the interface AB affects the water
temperature distribution along the pipe. It is also a non-linear boundary condition problem and
cannot be directly solved. Therefore, an iterative method should also be used.

For the first iteration, the temperature on interface AB is assumed to be equal to the inlet water
temperature. The approximate solution of the temperature field is obtained by Eq. (1). Then, the
node temperature on the interface AB is found with Eq. (19). The process is repeated until the
temperature on the interface AB along the pipe and the concrete temperature field reaches a
steady-state solution.

The inlet water temperature is lower than the temperature on the interface AB. Thus, before the
first iteration, the assumed temperature on the interface AB is lower than the actual temperature.
After first iteration, the calculated temperature gradient on the interface AB along the pipe is much
greater than the actual one. According to Egs. (22) and (23), after first iteration, the calculated
temperature on the interface AB along pipe is much higher than the actual value. For the same
reason, the calculated temperature on the interface AB along the pipe is much lower than the actual
value after the second iteration. When the iteration time is an odd number, after iteration, the
calculated temperature on the interface AB will be higher than the actual one. However, when the
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Fig. 7 One typical segment of a plastic pipe and the surrounding concrete

iteration time is an even number, after iteration, the calculated value of temperature on the
interface AB will be lower than the actual one.

When iteration time is N-1, the calculated temperature on the interface AB along the pipe is
{r. }n_1 , and when iteration time is N and the calculated temperature on the interface AB along the

pipe is{7,} . Compared with using {7,} as the water temperature distribution on the interface AB

before N+1 iterations, using %({TS }n_l +1{T, }n) greatly reduces the iteration number.

3.3 Simulation of the temperature field in part A when using a plastic pipe

When simulating the temperature field with metal pipes, the temperature difference between the
inner and outer surface of the pipe can be neglected. However, for plastic pipes, it cannot be
neglected.

Fig. 7 is a typical cross-section for the concrete around a plastic pipe. Define r, and r, as the
radius of the pipe at the inner surface and outer surface. On a circular-arc surface with an angle ¢
and a distance from the center of the pipe to the circular-arc surface r,, the temperature gradient
can be expressed as

Ta
a
rX

20, +¢ (r; -2 XAaa —AB, e, p.dl
2herdldt

N,

r,<r.<n

N, = (26)

n,<r,<ry,

where N, is the temperature gradient on inner surface of the pipe, 4, is the thermal conductivity
of the concrete.

Define N, as the temperature gradient of the concrete at the interface between the pipe and
concrete.

Let /,=¢rs, and define 4, as the thermal conductivity of the pipe. Then, the heat transfer through
the interface between the pipe and concrete within time dr is

N, r Al dldt
Ty

0, = 27)
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The proposed cross-section
for calculating heat flux

Elements for
caculating heat flux

Fig. 8 The proposed cross-section for calculating heat flux

The heat transfer through the interface between the pipe and concrete within time dr is
QC = NbﬂledldT

It is obviously that O,= O, and thus,

N, =N, 22
ﬂ’lra
Using Egs. (18) and (29)
b —/Izrb 7, <r.<n
N = ﬂ“lrx
“T120, 402 - 120, -6, ) podi y<r <r,
2hp rdldt

2Ql +o (rdz — rbz XAea — Agb)ccpcdl
24 ndldt '
From Eq. (30), the temperature difference between interface AB and water is

where N, =

Ta
AT, = J' N, dx

(28)

(29)

(30)

(€1))

From Egs. (1), (22), (23), (24), (25) and (31), the temperature field of the mass concrete with a

plastic pipe can be calculated.

3.4 Requirements of elements for calculating heat flux

With this method, the element surrounding part A is used for calculating heat flux, and for those
elements, the best value of the element size along the direction perpendicular to the surface of the
pipe is 0.05 m. Except those elements, the value of the element size along the direction
perpendicular to the surface of the pipe can be more than 0.5 m or even 1m, depending on the

distance to the surface of the pipe.

When calculating heat flux by equations of this paper, using the blue cross-section shown in



A new method solving the temperature field of concrete around cooling pipes 451

up

M

left NX;WE right

&

down

Fig. 9 Temperature gradient of concrete near water pipes

Fig. 8 (the red area refers to part A) can be more precise than using the interface between part A
and part B.

4. Numerical and engineering examples

There are four numerical examples to illustrate that using this method to solve the temperature
field around the cooling pipe.

4.1 Numerical example 1

Fig. 9 is a cross-section same as Fig. 4. If temperature gradient of the concrete near pipe is
separated into two vectors shown in Fig. 9, then vector N, can be regarded as the vector caused by
temperature difference between water and concrete, and N, can be regarded as the vector caused by
temperature difference between left side and right side (or between upside and downside) of the
concrete which has not taken into consideration in Eq. (18). So the extreme case should be a
thin-wall structure with obvious temperature difference between two main sides.

In this example, the temperature gradient of a thin-wall structure with 15°C temperature
difference between two main sides is studied. Two cases are used to determinate the area where
the temperature can be expressed by Eq. (18).

Case 1 is conventional FEM with lots of elements near pipe.
Case 2 is the proposed method.

4.1.1 Basic information

The length-width ratio of the thin-wall structure can be very large, and sometimes it may be
only 0.5 m in width. Pipe cooling can effectively prevent such structures from cracking. The
cooling pipes are usually arranged in the center of the wall, and the spacing between pipes is about
0.6 m along the height direction.

A mass concrete structure with the dimensions of 5.5 m* 0.5 m* 1.5 m (length X width X height)

is used in this example. The rate of the adiabatic temperature rise is d(6, (t))/dt = 44.07°41 705"
(°C/d).

The placement temperature is 30°C. The air temperature of one side of the wall (one main side
with a dimension of 5.5 m* 1.5 m) is 15°C, while other sides are 30°C. The heat transfer
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Table 1 Other thermal parameters

Position Thermal condlolctivity Thermal diffusivity Specific lleat
(kJ/ (m?+d="C)) (m? /h) (kJ/ kgs'C)
Thin wall 228.48 0.079 1.10
Foundation 166.08 0.100 0.55
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Fig. 11 The finite element mesh when using proposed method

coefficient between concrete and air is 42.5 kJ/ (m*+h+°C). Other thermal parameters are shown in
Table 1. The inlet water temperature is 5°C. Metal pipes are used in the two cases.

4.1.2 Mesh for conventional FEM method (case 1)

In order to simulate the temperature field near pipe precisely when using conventional FEM,
the element size is 0.0045 m along the direction perpendicular to the surface of the pipe. The
element mesh is shown in Fig. 10. The number of nodes for conventional FEM is 10784.

4.1.3 Mesh for proposed method (case 2)

When using proposed method, the concrete is separated into two parts. Temperature field of
one part which is near water pipes is calculated by Eq. (18). The other part is calculated by FEM.
When using proposed method, the part of temperature field calculated by Eq. (18) does not have
influence on the efficiency of calculation.

(1) Mesh of the part calculated by FEM

Fig. 11 is the part of the element mesh used for FEM when using proposed method. The
number of nodes in this model is 3296.

(2) The part of concrete near pipes

The temperature field of this part is calculated by Eq. (18), and does not have influence on
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Fig. 12 The part of concrete near pipes
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Fig. 13 Locations of typical section and typical points
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Fig. 14 Temperature duration curves of typical points



454 Zhenyang Zhu, Sheng Qiang and Weimin Chen

3

(a)Case 1 at 1* day

29
27
25
23
21
19
17
15
(3
1"
9

7

13}

(c) Case 1 at 3 day (d) Case 2 at 3 day
Fig. 15 Temperature distribution on a typical cross-section ( C)

efficiency of calculation. The radius of this part is 0.11 m (shown in Fig. 12).

4.1.4 Calculation results

(1)Typical section and typical points

Both typical section and typical points are shown in Fig. 13

(2)Analysis of temperature field

It is shown in Figs. 14 and 15 that the proposed method can precisely describe the temperature
field near pipe using much fewer nodes than conventional FEM. It is also shown that temperature
field of the area within 0.11m to the central of the pipe can be calculated by Eq. (18) for this
extreme case.

Other cases show that structures with the much bigger width, such as concrete dams, the radius
of the area can be expressed by Eq. (18) can even reach to 0.25 m.

4.2 Numerical example 2
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Fig. 17 Typical section temperature distribution of three cases

In this numerical example, three cases are used to prove that the proposed method is much
more precise than conventional FEM when the number of nodes is same.

Proposed method is used in case 3. In case 3 air temperatures of all sides of the wall is 25T,
and the other conditions in case 3 are same as case 2.

Conventional FEM is used in case 4 with the same number of node with case 3. The FEM mesh
used for case 4 is shown in Fig. 16.

Conventional FEM is also used in case 5. In case 5 air temperatures of all sides of the wall is
25°C, the other conditions in case 5 are same as case 1. Both case 1 and case 5 use large number of
element nodes to describe temperature field near pipes.

4.2.1 Analysis of typical section temperature distribution of three cases

Fig. 17 is the typical section temperature distribution of three cases. Compared with Figs. 17(a)
and (b), it is shown that result calculated by proposed method is much different from conventional
method with same number of nodes. Compared with Figs. 17(a) and (c), it is shown that the
proposed method with much fewer number of nodes can achieve the same precision as the
conventional FEM with huge number of nodes.

4.2.2 Analysis of temperature gradient
The temperature gradient distribution varies along different directions and at different cooling
times. The temperature gradient distribution changes with different angle directions @ (shown in
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Fig. 18 The angle to study temperature field gradient in different direction
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Fig. 19 Temperature gradient distribution of the concrete near pipe

Fig. 18)). For the pipe 1.05 m above the foundation, the temperature gradient distributions along
the three different directions (w=0°, 45° and 90°) and at three different cooling times (+=0.5d, 3.0d)
are investigated. The calculation results are shown in Fig. 19.

As we all know, 8-node element can only describe the temperature field of the area where
temperature gradient can be seen as a constant. It is shown in Fig. 19 that the temperature gradient
of those concrete within 0.1 m to the center of the pipe cannot be seen as a constant unless huge
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element numbers are applied. Precise water temperature distribution is based on precise
temperature gradient of the concrete near pipe so the proposed method can use much fewer nodes
than conventional FEM to get precise temperature gradient of the concrete near pipe.

4.3 Numerical example 3

The pipe cross-section can be simplified to a square or octagon as long as the inner surface area
of the pipe does not change after simplification. Compared with an octagonal pipe cross-section,
the temperature of the concrete close to the pipe may be different when using a square pipe
cross-section. However, for the concrete at a certain distance from the pipe, the temperature
distribution is almost the same for both simplifications.

Properties of materials are same as example 1. The dimensions of model are shown in Fig. 23.
The air temperature of all the sides is 30 C except the right side of the typical cross-section with
the air temperature of 15 C. Water temperature is 5C.

There are also two cases to analyze the influence of pipe cross-section shape on the temperature
field calculation results.

Case 6 is the conventional FEM with mesh shown in Fig. 20.

Case 7 is the proposed method with cross-section of the pipe simplified in to square. The
concrete of this method is also separated into two parts which are shown in Figs. 21 and 22.

A typical cross-section and several typical points were chosen for a better analysis. The typical
cross-section was same as in example 1, and the typical points were on the typical cross-section.
The distances between points #1, #2 and #3 and the center of the pipe are 0.2 m, 0.58 m and 0.7 m
(shown in Fig. 23).
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Fig. 21 The finite element mesh when using proposed method
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Fig. 24 Temperature duration curves of typical points

In Fig. 24, the maximum temperature difference between example 1 (using small size element
and conventional FEM method) and example 3 is 1.8°C for typical point #1. For the other points,
the temperatures of two cases were almost same. However, for the concrete at a certain distance
from the pipe, the temperature distribution is almost same for both examples.

Compared with octagonal pipe cross-section, using a square can reduce the number of grid
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Fig. 25 Layout of the pipe and typical points

points. For structures besides thin walls, the influence range of the pipe cross-section shape is very
small, so using a square pipe cross-section is reasonable.

4.4 Numerical example 4
There is an engineering example to demonstrate that this new method is applicable to the actual
engineering with snake-shaped water pipes.

4.4.1 Basic information

A bedding cushion of a concrete dam located in the south of China was constructed in
September 2009. The height of the bedding cushion is 2.0 m. The pipe was embedded 1.0 m above
the foundation. The layout of the pipe is shown in Fig. 25. A steel pipe was used, and the cooling
time was 20.0d. The cooling water flux is 31.2 m*/d. The average inlet water temperature is 15.0°C.
Under the influence of air temperature, inlet water temperature fluctuates every day. However,
with strict temperature control measures, the variation of the inlet water temperature is less than
2.0'C. The placement temperature was about 18°C with little variation under strict placement
temperature control measures. The cooling measurement was taken once after placement.

During the cooling time, there was no rain. The average air temperature was 25.5C with a
variation of +£5.0°C. One layer of heat preservation quilt was used after placement, and the heat
convection coefficient between the concrete and air was 14.5 kJ/ (m*h "C).

4.4.2 Bedding cushion mesh
Mesh and layout of the pipe are shown in Fig. 26.

(a) FEM mesh for bedding cushion (b) Layout of the mesh
Fig. 26 Mesh for calculation
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4.4.3 Calculation analysis

Four typical points were chosen for better analysis. The positions of the typical points are
shown in Fig. 25(a) and Fig. 27. Fig. 28 is the comparison between the calculation value and the

measured value. The value obtained using the proposed method was close to the actual value.

The water temperature distributions along the pipe (3.5 d and 15.0 d after cooling) are shown in
Fig. 29. The measured outlet let water temperatures were 31.2 C (3.5d) and 22.3 C (15.0d). The
calculated outlet water temperatures were close to the actual temperatures, which also prove that

the new method is reliable.
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5. Conclusions

Based on the properties of the temperature gradient around pipes and an explicit iterative
algorithm, a new method for solving the temperature field of mass concrete with cooling pipes was
proposed. A corresponding 3D finite element program was also developed.

Numerical examples 1 and 2 showed that, compared to conventional FEM, this new method
requires much fewer grid points to achieve the same accuracy. From the comparison between the
calculated values and actual values in a bedding cushion, the 3D finite element program developed
could effectively predict the temperature distribution and history of concrete and water along a
pipe.

In conventional computing models, the cooling pipes are regarded as a third boundary
condition when solving a model of concrete with plastic pipes. The coefficient of this kind of
boundary condition should be got by experiment and inversion, and it is sometimes unreliable. In
the proposed method, the function of the pipe is expressed by the heat flux of the concrete around
the water pipe, the thermal conductivity, the thickness of the pipe and the temperature of inner
surface, which is more reliable and economical.
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