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ABSTRACT Pipelines with thermal stratification are common in nuclear power plants, and the thermal
stratification may induce thermal fatigue and lead to leakage, so thermal stratification analysis of the pipeline
is particularly significant. Due to the requirement of structural integrity, for the piping system of nuclear
power plants, it is not allowed to trepan for installing sensors to measure the internal parameters. The inverse
heat conduction problem (IHCP) based on the easily available temperature information of the outer wall can
precisely estimate the boundary conditions of the inner wall. However, the precision of inverse estimation
is influenced by the measuring precision, the number and the arrangement of measuring points. This work
aims at the sensitive analysis about the measuring errors and the number and locations of measuring points.
The research is based on an elbow pipe with thermal stratification—a pipe type commonly used in industry.
Because it is easy to disturb the flow field to install sensors inside the pipeline, and it is difficult to calculate
the convective heat transfer coefficient, the numerical experiments are taken in this study. The results showed
that the IHCP with multi-parameters had certain anti-noise property and the number and locations of the
measuring points had a certain influence on the calculation accuracy.

INDEX TERMS Convective heat transfer coefficient, elbow pipe, inverse heat conduction problem,
sensitivity analysis, transient temperature distribution.

I. INTRODUCTION
Metal pipes are widely used in industry. However, material
fatigue failure caused by thermal stress is common [1]–[3].
Therefore pipelines are also the most vulnerable to failure.
Faulty pipelines can cause leak that can cause huge damages,
especially in nuclear power plants. As early as 1988, the NRC
issued statements, that all nuclear power plants, regardless
in service or proposed, were required to complete thermal
stratification analysis and risk assessment of surge lines to
ensure structural integrity [4], [5]. It can be seen the impor-
tance of thermal fatigue analysis for the pipe with thermal
stratification.

The associate editor coordinating the review of this manuscript and
approving it for publication was Hongwei Du.

Because of the importance of thermal stratification in
nuclear power pipelines, many scholars have studied the ther-
mal stratification of nuclear power pipelines. Most scholars
have done numerical simulation research on thermal strat-
ification of pipelines [6], [8]–[11]. Through this method,
the thermal stratification phenomenon can be predicted and
analyzed theoretically, however, this method is not suitable
for long time prediction under variable working conditions.
Some experimental research have been carried out on this
phenomenon [12]–[14], but only some specific working con-
ditions of some specific models could be studied and sum-
marized, without universality and strong adaptability. Some
scholars [15] carried out fatigue monitoring on the surge
lines through fixing thermocouples on the top and bottom
of the outer wall, in order to monitoring the thermal fatigue
accumulation at the junction of the fluctuation tube caused
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by thermal stratification effect. When analyzing the thermal
fatigue accumulation caused by thermal stratification inside
the pipe, the actual internal temperature information of the
surge pipeline cannot be allowed to measure directly by the
thermocouple. In this work, the inverse heat conduction prob-
lem (IHCP) has been employed to estimate the convective
heat coefficient and temperature data inside the elbow pipe
made of stainless steel. The IHCP uses temperature infor-
mation which can be obtained easily to estimate parameters
whose values can only be obtained with difficulty. In previ-
ous work, the method has been employed to solve for vari-
ables such as boundary conditions [7], [16]–[24], boundary
shapes [25]–[27], thermophysical properties of a physical
model [28]–[30] and source terms [29], [31]–[33].

The IHCP consists of a direct problem and an inverse prob-
lem. The inverse problem uses a specific optimizationmethod
to update the estimated variables, and then the updated vari-
ables are assigned to the direct problem to solve the problem
of fixing the solution. Methods for solving the IHCP include
the conjugate gradient method (CGM) [34], the maximum
entropymethod (MEM) [35], the regularization solution [36],
the neural network method (NNM) [37]–[40] and so on.
These methods can be classified into stochastic and gradient-
based ones. Although it is easy to search for the global
optimum using stochastic methods, the methods have poor
convergence and usually require a large computational effort.
In contrast, gradient-based methods have fast convergence
speed and high accuracy [41]. Therefore, in this work a
gradient-basedmethod—CGM—is chosen to solve the IHCP.
There are various methods available to solve the direct prob-
lem, such as the finite difference method (FDM), the finite
element method (FEM), the finite volume method (FVM),
and the boundary element method (BEM) [42]. In this work,
the FEM is chosen because of its convenience for solving the
sensitivity matrix.

IHCP is widely used in all walks of life, such as nonde-
structive inspection [43]–[45], aerospace [46], food preserva-
tion [47], nuclear power [17]–[20] and so on. The application
in nuclear power is mainly about the inverse estimation of
some unmeasured parameters in pipelines with thermal strat-
ification. In previous studies, some only inverse estimate the
temperature of the near-wall fluid of the pipe [17], and some
only inverse estimate the temperature of the inner wall of
the pipe [18]. In order to obtain the boundary conditions of
convective heat transfer on the inner wall of the pipeline,
a model for solving the transient IHCP with multi-parameters
was constructed in our previous research and verified by
experiments [19], [20]. However, there are often errors in
the actual measurements, and the influence of errors on
inverse estimated results cannot be ignored. The number and
location of measuring points on the outer wall in the actual
projects are not only related to the project cost, but also
have certain influence on the accuracy of inverse estimation.
Therefore, the sensitivity analysis of the transient IHCP with
multi-parameters is carried out in this work. The sensitivity
analysis mainly refers to the research about the influence of

FIGURE 1. Physical model and locations of the measuring points.

measurement errors and the number and position of measur-
ing points on the inverse estimation accuracy of heat transfer
boundary conditions of the inner wall.

An elbow pipe with thermal stratification is studied in
this work. The convective heat transfer coefficient and the
temperature of the fluid near the inner wall are the estimated
parameters, and the temperature data of the outer wall that can
be measured in actual engineering is the known conditions
for solving the IHCP. Because the convective heat transfer
coefficient is significantly influenced by the flow state, a
measurement of the temperature of the fluid could disturb
the flow field, so the temperature of the fluid near the inner
wall and the convective heat transfer coefficient are estimated
simultaneously. These form an IHCP with multi-parameters.
The full solution to the problem is rather difficult and time-
consuming. However, since there is almost no change in the
flow conditions over time, we make the reasonable assump-
tion that the convective heat transfer coefficient maintains
an average value. Because it is easy to disturb the flow
field to install sensors inside the pipeline, and it is diffi-
cult to calculate the convective heat transfer coefficient, the
numerical experiments are taken in this study. Additionally,
numerical experiments are more conducive to sensitivity
analysis.

II. NUMERICAL EXPERIMENTS
As shown in Fig. 1, the elbow pipe was made of stainless steel
with an outer diameter of 60.5 mm and an inner diameter
of 43.1 mm. The vertical straight length was 129.3 mm,
the horizontal straight length was 172.4 mm and the bend
radius was 76.2 mm. The heat conductivity coefficient was
λ = 19.35W/(m · K ). In the direct problem, the inner wall
was subject to the convective boundary condition, where the
heat convection coefficient was 2000W/(m2

· K). The fluid
in the pipe was water, and the fluid temperature near the
inner wall was also measured. The outer wall was adiabatic
The time step was 1τ = 1 s, and the total time was 80 s.
Due to the symmetry in the physical model and the bound-
ary conditions, only half of the elbow pipe was analyzed.
In the direct heat conductin problem (DHCP), the hexahedral
mesh was selected for this model, and the mesh number of
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FIGURE 2. Meshes of Physical model.

this model was 2340 after grid independence verification.
As shown in Fig. 2, the axial, circumaxial and radial mesh
quantities were 26, 18 and 5, respectively.

The temperature fluctuations in the fluid near the inner wall
at the measuring points on the cross sections A–E near the
inner wall were obtained by experiment as shown in Fig. 3.
In order to obtain the temperature distribution over time in
the fluid near the inner wall, an interpolation was carried out
for the whole fluid surface near the inner wall. As shown
in Fig. 4(a), the fluid surface was divided into seven regions
and different interpolation methods were employed in differ-
ent regions.

The interpolations in regions F and G1 are shown
in Fig. 4(a). The temperatures are determined by the linear
interpolation in the vertical direction using the data at points
cross section A-0◦, cross section B-0◦ and cross section C-0◦.
The research object in this work is an albow pipe with

thermal stratification which is common in pressurizer surge
line. Some previous researches reveale that the The thermal
stratification phenomenon in elbow pipe mainly occurs at the
corner of the pipe where the fluid temperature is distributed
in layers along the vertical direction, and the temperature
is basically the same in the horizontal direction of each
layer [44], [45]. According to the above conclusions, it can
be known that the temperature differences in the horizontal
direction for regions G2, H1 and H3 are very small, so we
assume that the temperatures on horizontal lines with the
same y-coordinate are the same. For example, the tempera-
tures at points P1 and P2 are equal to the temperature at point
P, as shown in Fig. 4(b).

A linear interpolation was performed in regions H2 and I.
For example, as shown in Fig. 4(b) the line N1N2 is hori-
zontal and point M is located on the line N1N2. Although
the temperature at point M is unknown, the temperatures at
points N1 and N2 are known. Therefore a linear interpolation
method can be performed to obtain the temperature at point
M using Eq. (1).

T (M )=T (N1)
X (N2)− X (M )
X (N2)− X (N1)

+T (N2)
X (M )− X (N1)
X (N2)− X (N1)

(1)

FIGURE 3. Fluid temperature fluctuations over time at the measuring
points.

By means of interpolation, temperature information of all
near-wall fluids at any moment has been obtained. Cross
section D is located at the junction of elbow section and hori-
zontal section, with obvious thermal stratification. As shown
in Fig. 5, the fluid temperatures at 19 points (all nodes on this
cross section in the physical model) on cross section D were
obtained after a time of 50 s inside the elbow pipe. At each
time step, the temperatures on both sides of the pipe for each
cross section were assumed to be symmetric.

The temperature distribution of near-wall fluid at any
moment can be obtained from the temperature values of all
fluid nodes. For example, the temperature distribution of
near-wall fluid at 50 s is shown in Fig. 6. It can be seen from

VOLUME 7, 2019 146793



W. Han et al.: Sensitivity Analysis About Transient Three-Dimensional IHCP

FIGURE 4. Interpolation of fluid temperature: (a) schematic diagram of
fluid region division, (b) the diagram of linear interpolation.

FIGURE 5. Linear interpolation results for cross section D at 50 s.

the figure that there is obvious thermal stratification of the
near-wall fluid.

The governing equations, corresponding boundary condi-
tions and initial condition for the transient direct heat conduc-
tion problem (DHCP) of the elbow pipe are:

∂T
∂t
= α(

∂2T
∂x2
+
∂2T
∂y2
+
∂2T
∂z2

) (x, y, z) ∈ � (2)

−λ(
∂T
∂n

)w,in = hin
(
Tf ,in − Tw,in

)
(x, y, z) ∈ inner wall (3)

FIGURE 6. Fluid temperature distribution at 50 s.

−λ(
∂T
∂n

)w,out = 0 (x, y, z) ∈ outer wall (4)

T (x, y, z, t) = T0(x, y, z) (x, y, z) ∈ � , t = 0 (5)

where T is the temperature of the nodes in the domain;
α is the thermal diffusivity of the pipe, which has the value;
x, y, z and t are the space and time variables; λ is the
thermal conductivity of the pipe; n is the direction vector
normal to the boundary wall;hin is the convective heat transfer
coefficient on the inner wall; Tw is the wall temperature and
Tf ,in is the fluid temperature near the inner wall; the outer
wall is adiabatic;T0(x, y, z) is the initial value of the pipe
temperature.

The transient three-dimensional DHCP is solved using the
Finite Element Method (FEM) based on the above known
conditions. The temperatures of the whole solid domain
including the inner wall and outer wall are all obtained after
calculation. The temperature fluctuations over time at the
measuring points cross section C-60◦, cross section C-90◦,
cross section C-120◦ and cross section D-0◦ are shown
in Fig. 7.

III. THE INVERSE HEAT CONDUCTION PROBLEM (IHCP)
In the IHCP, the temperature data of the outer wall are the
input conditions for estimating the temperature data of the
fluid and the convective heat coefficient near the inner wall.
The IHCP can be mathematically considered as an optimiza-
tion problem, i.e. the inversion parameters are optimized
unceasingly at a certain optimization method, the DHCP
will be solved based on the optimized inversion parame-
ters and the temperature information of the outer wall will
be obtained, and the function composed of the temperature
information of the outer wall obtained from the numerical
experiment and IHCP as the objective function. When the
objective function reaches the minimum, it is considered
that the estimated parameters of the IHCP are closest to the
measured parameters of the numerical experiment, so as to
obtain the optimal solution of the IHCP.
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FIGURE 7. Temperature fluctuations over time at the measuring points:
(a) cross section C-60◦, (b) cross section C-90◦, (c) cross section C-120◦
and (d) cross section D-0◦.

The objective function is defined as

J (R) =
U∑
i=1

V∑
j=1

[
Ti,j,est (R)− Ti,j,exp

]
(6)

where R is the parameter vector to be estimated, R =
{r1, r2, . . . , rnn+1} =

{
Tf ,1,Tf ,2, . . . ,Tf ,nn, h

}
;
Ti,j,est is the

temperature data of outer wall obtained from IHCP; Ti,j,exp is
the temperature data of outer wall obtained from the numer-
ical experiment; U is the number of time steps; V is the
number of measuring points on the outer wall; nn is the
number of fluid nodes.
Iteration termination condition of IHCP is∣∣∣J (Rb)− J (Rb+1)∣∣∣ ≤ µ (7)

where b is the iterative steps; : µ is a small positive number,
0.001 is taken in this work.
Based on the Conjugate Gradient Method (CGM), the iter-

ative formula of the inversion parameter vector R is

Rb+1 = Rb − βbdb (8)

where βb is the iteration step length; db is the conjugate
search direction, obtained by

db = ∇J (Rb)+ rbdb−1 (9)

where rb is the conjugate coefficient, which can be obtained
from the following equation

rb =
∇J (Rb)∇JT (Rb)
∇J (Rb−1)∇JT (Rb−1)

(10)

where ∇J (Rb) is the gradient of the objective function, i.e.
∇J (Rb) = (∂J/∂r1, ∂J/∂r2, · · · , ∂J/∂rnn+1).

∂J (Rb)
∂rl

= 2
U∑
i=1

V∑
j=1

[
Ti,j,est (R)− Ti,j,exp

] ∂Ti,j,est
∂ri

,

l = 1, 2, . . . , nn+ 1 (11)

The iteration step length βb can be obtained by optimizing
the objective function:

βb =

V∑
i=1

[T est
i (Rb)− T exp

i ]∇Tidb

M∑
i=1

[∇Tidb]2
(12)

where ∇Ti is the sensitivity matrix and is a row vector:

∇Ti =
(
∂T est

i /∂r1, ∂T est
i /∂r2, · · · , ∂T est

i /∂rnn+1
)

(13)

In this work, ∇Ti is determined by FEM. The specific
methods are as follows:
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A. THE SENSITIVITY ANALYSIS OF THE ITH NODE OF THE
FLUID NEAR THE INNER WALL AT THE L TIME STEP
Partial derivatives of the governing equation, boundary condi-
tions and initial conditions (equations (2)∼ (5)) of the DHCP
with respect to Tf are calculated respectively, i.e

∂

∂t
(
∂T
∂Tf ,i,l

) = α[
∂2

∂x2
(
∂T
∂Tf ,i,l

)+
∂2

∂y2
(
∂T
∂Tf ,i,l

)

+
∂2

∂z2
(
∂T
∂Tf ,i,l

)]

(x, y, z) ∈ � (14)

−λ
∂

∂n
(
∂T
∂Tf ,i,l

)w,in= hin

(
∂Tw,in
∂Tf ,i,l

−ψ(i′, l ′)
)

(x, y, z) ∈ inner wall{
if i’ = i, l’ = lψ(i, l) = 1
otherwise, ψ(i, l) = 0

(15)

−λ
∂

∂n
(
∂T
∂Tf ,i,l

)

∣∣∣∣
w,out
= 0 (x, y, z) ∈ outer wall

(16)
∂T
∂Tf ,i,l

= 0 (x, y, z) ∈ � , t = 0 (17)

By substituting equations (14) ∼ (17) into the finite ele-
ment equation, the sensitivity matrix of Tf can be obtained.

B. THE SENSITIVITY ANALYSIS OF THE AVERAGE
CONVECTIVE HEAT TRANSFER COEFFICIENT
Similarly, partial derivatives of the governing equa-
tion, boundary conditions and initial conditions (equa-
tions (2)∼ (5)) of the DHCP with respect to hin are calculated
respectively, i.e

∂

∂t
(
∂T
∂hin

)= α[
∂2

∂x2
(
∂T
∂hin

)+
∂2

∂y2
(
∂T
∂hin

)

+
∂2

∂z2
(
∂T
∂hin

)]

(x, y, z) ∈ � (18)

−λ
∂

∂n
(
∂T
∂hin

)w,in = (Tw,in − Tf ,in)+ hin

(
∂Tw,in
∂hin

− 0
)

= hin

(
∂Tw,in
∂hin

−
Tw,in − Tf ,in

hin

)
(x, y, z) ∈ inner wall (19)

− λ
∂

∂n
(
∂T
∂hin

)

∣∣∣∣
w,out
= 0 (x, y, z) ∈ outer wall (20)

∂T
∂hin
= 0 (x, y, z) ∈ � , t = 0 (21)

By substituting equations (18) ∼ (21) into the finite ele-
ment equation, the sensitivity matrix of hin can be obtained.

C. SOLUTION PROCEDURES AND PROCESSES OF THE
TRANSIENT IHCP WITH MULTI-VARIABLES
The specific solving process of the three-dimensional IHCP
with multi-parpmeters is as follows:

Step 1. Set the initial estimated parameters Tf 0 and hin0,
and the number of interation b = 0.
Step 2. Solve the DHCP Based on FEM and the estimated

parameters, and obtained the estimated temperature data of
the outer wall.

Step 3. Calculate the objective function J0(R) based on
Eq. (6).

Step 4. Calculate the sensitivity matrix based on
Eqs. (14) ∼ (21).
Step 5. Calculate the iteration step length βb and conjugate

search direction db based on Eqs. (9) ∼ (13), and update the
estimated parameters based on Eq. (8).

Step 6. Repeat Step 3 and Step 4, obtain J1(R) based
Eq. (6).

Step 7. Determine if the conditions are met Eq. (7). If so,
stop the iteration; otherwise, set J1(R) = J0(R) and go to
step 4 to continue the calculation.

IV. RESULTS AND DISCUSSION
A. NOISE RESISTANCE ANALYSIS OF IHCP
In the analysis, there are no real experimental temperature
data available for the inner wall and outer wall. Instead, the
experimental temperature data for the fluid near the inner
wall and the assumed convective heat transfer coefficient are
employed in the DHCP to calculate the temperature data for
entire temperature field of the pipe, including the temperature
data of the outer wall and the inner wall. The results are taken
as the computed temperature TDHCP. However, in fact, there
is always some degree of error in the temperature measure-
ments. In order to consider these measurement errors, a ran-
dom error noise is added to the above computed temperature
TDHCP to obtain the assumptive measured temperature Texp.
Hence, the measured temperature Texp is expressed as:

Texp = TDHCP + ω · σ (22)

where ω is a random variable within the range –1 to 1, and σ
is the standard deviation of the measurement.

Four numerical cases with different values of σ (σ =
0.0, 0.1, 0.5, and 1.0) have been considered in this study
in order to evaluate the accuracy and noise immunity of the
CGMwhen predicting the convective heat transfer coefficient
and fluid temperature. In the IHCP, the temperature of the
outer wall, the boundary conditions at the outer wall and
the physical properties of the elbow pipe are known. The
assumptive experimental convective heat transfer coefficient
is 2000 W/(m2

· K ), and the experimental temperature data
for the fluid are shown in Fig. 3 and Fig. 6.

In order to examine the accuracy of the estimated data,
the average relative error ε̄h and ε̄T for the convective heat
transfer coefficient and the near-wall fluid temperature, and
average absolute error ēT for the temperature of fluid near the
inner wall are defined:

ε̄h =

∣∣hexp − hest ∣∣
hexp

(23)
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FIGURE 8. Experimental and estimated temperature data for the fluid near the inner wall at the measuring points: (a) C-60◦, (b) C-90◦,
(c) C-120◦ and (d) D-0◦.

ε̄T =
1
U

U∑
t=1

∣∣Texp(t)− Tcal(t)∣∣
Texp(t)

(24)

ēT =
1
U

U∑
t=1

∣∣Texp(t)− Test (t)∣∣ (25)

where hexp and hest are the experimental and estimated
convective heat transfer coefficient, respectively, the unit is
W/(m2

·K ); Texp and Test are the experimental and estimated
temperature data of a certain point for the fluid at a certain
time step, respectively; the unit is ◦C; U is the total number
of time nodes.

The estimated results for the four cases are shown
in Table 1, Table 2 and Fig. 8. It can be seen that as the
standard deviation σ becomes large, the relative error εh
and the average absolute error ε̄T both increase. However,
the largest standard deviation and average absolute error are
still within the acceptable range. In other words, the method
proposed in the work is accurate and has reasonable noise
immunity.

TABLE 1. Estimated values of the convective heat transfer coefficient.

TABLE 2. The average absolute error (ēT /◦C) in the estimated
temperature data for the fluid near the inner wall.

Through the IHCP, the transient temperature distribution of
the solid area of the pipe wall from 0 s to 80 s can be obtained.
For example, as Fig. 9 shown, it is temperature distribution
of the inner wall and the outer wall at 50 s. Because of the
excellent thermal conductivity ofmetal pipes, the temperature
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FIGURE 9. Temperature distribution of the inner wall and the outer wall
at 50 s: (a) inner wall and (b) outer wall.

FIGURE 10. Measuring cross sections.

distribution of the inner wall and outer wall of the pipe is
thermally stratified like that of the fluid. The time-dependent
temperature data can provide significant information for the
fatigue analysis of pipeline.

B. DISCUSSION ON THE NUMBER AND LOCATIONS OF
MEASURING POINTS ON THE OUTER WALL
There are some errors in the actual measurement, therefore
the standard deviation σ = 0.5 was chosen to discuss the
number of measuring points on the outer wall. As shown
in Fig. 10, measuring section F and K were arranged in the
middle of the cross sections of A and B and section D and
E, respectively. Seven measuring sections were uniformly

TABLE 3. Number of measuring points on cross sections.

FIGURE 11. Comparison between experimental results and estimated
results with different number of measuring points.

arranged between cross sections B and D, and keep cross
sections B, C and D. The measuring points at each measuring
section were arranged uniformly between 0◦ ∼180◦. Six
examples of different measuring points of outer walls were
selected for discussion. The number of measuring points of
each measuring section is shown in Table 3.

The measuring point cross section C - 90◦ where the fluid
temperature fluctuates intensively was chosen to analyze the
influence of number of measuring points on inversion accu-
racy. The estimated value of the fluid temperature based on
different number of measuring points was shown in Fig. 11.
It can be seen from the figure that the more the number of
measuring points, the higher the degree of agreement with the
experimental results., The estimated temperature fluctuations
obtained from IHCP have good agreements with the tempera-
ture fluctuations of DHCP. In all cases, the minimum absolute
error and maximum absolute error appear at the same time
step, 60s and 40s respectively, and the error value increases
with the reduction of the number of measuring points, i.e.
0.04◦C∼ 0.09◦C and 2.89◦C∼ 6.02◦C. As shown in Table 4,
the average absolute error and average relative error of the
estimated value of near-wall fluid temperature increase with
the decrease of the number of measuring points. However, the
calculation error of each adjacent two examples is basically
the same. It can be seen from Table 3, there is the same
number of measuring points in measuring sections B, G, C,
I, J, D for the adjacent two examples. These indicate that
the main measuring points affecting the calculation accuracy

146798 VOLUME 7, 2019



W. Han et al.: Sensitivity Analysis About Transient Three-Dimensional IHCP

TABLE 4. Average absolute error ē and average relative error ε̄ of the
estimated fluid temperature at 90◦ on cross section C.

TABLE 5. Estimated values of the heat convective coefficient with
different measuring points.

are distributed on several measuring sections at the corner of
the bend. The more the measuring points on these measuring
sections, the higher the calculation accuracy will be; while
the measuring points of other sections have less influence on
the calculation accuracy. A similar conclusion can be drawn
from Table 5 that the more the number of measuring points of
several sections at the corner of the bend, the more accurate
the estimated value of the convective heat transfer coefficient
will be.

V. CONCLUSION
A transient three-dimensional IHCP with multi-variables has
been developed using the CGM in order to estimate the
convective heat transfer coefficient and the temperature fluc-
tuations in a fluid near the inner wall based on the temperature
data of the outer wall. And the sensitive analysis about the
measuring errors and the number and locations of measuring
points has been taken. The results show that:

(1) The transient temperature field of the whole solid area
can be obtained through the IHCP.

(2) The convective heat transfer coefficient and the tem-
perature fluctuations in the fluid near the inner wall can be
estimated using the IHCP based on the CGM. The method
avoids complex calculations of the convective heat transfer
coefficient and direct measurement of the temperature of the
fluid which could change the flow field.

(3) Comparisons of the estimated and the assumed exper-
imental data for four representative cases have demonstrated
the accuracy and noise immunity of the method.

(4) The more the number of measuring points on the outer
wall, the higher the calculating accuracy will be, and the

number of measuring points on several measuring sections at
the corner of the elbow has a great influence on the calculating
accuracy.
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