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Lead-based liquid metals (LLMs) such as lead–bismuth eutectic (LBE) and lead, are
currently the most interesting candidate coolants for fast reactors because of their
excellent physical properties, which can improve safety and reduce costs. However, in
comparison to other liquid metals, previous research on the flow and heat-transfer
characteristics of LLMs has been limited. Therefore, this work carried out flow and
heat-transfer experiments in LBE flowing through a circular tube in the Natural
Circulation Capability Loop (NCCL) facility. The results show a significantly higher
friction factor than that of water flowing in a smooth pipe. Furthermore, the Nusselt
numbers were found to be lower than those found in data in the literature for experiments
carried out in a smooth tube at low Péclet numbers, while they were higher at high Péclet
numbers. Therefore, theoretical analyses were performed for LLMs flowing in both smooth
and rough pipes, and the impacts of roughness on the heat transfer of an LLM were
examined. The theoretical relations for a smooth pipe and a rough pipe were validated
using experimental data from the literature and the results of the NCCL experiments,
respectively. The results of the theoretical relation for a smooth pipe fitted the literature data
well. The derived theoretical relation for a rough pipe with a relative roughness of 0.004
fitted the NCCL data best. Moreover, it was established from the theoretical analysis that
roughness has two competitive impacts on the heat transfer of an LLM: it reduces
conductive heat transfer while enhancing convective heat transfer. Because conductive
heat transfer is important for liquid metals, even with turbulent flow, a small roughness will
lead to heat-transfer deterioration at low Péclet numbers, and it may even deteriorate
across the whole typical Péclet-number range. This discovery has important implications
for the thermal–hydraulic design of LLM reactors, because corrosion and erosion by an
LLM will lead to a rough surface after long operating times.
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HIGHLIGHTS

1. Experimental research on the flow and heat-transfer
characteristics of LBE was carried out using the NCCL facility.

2. Theoretical analyses of an LLM flowing in both smooth and
rough pipes were performed, and relevant relations were
established.

3. Impacts of roughness on LLM heat transfer were theoretically
analyzed and preliminarily verified using NCCL
experimental data.

4. Theoretical analysis showed that a certain small roughness will
worsen the heat transfer of an LLM across the whole typical
Péclet-number range, which should be considered during
thermal–hydraulic design.

INTRODUCTION

The idea of using liquid metals as reactor coolants began in the
1950s, and it has received increasing attention in recent years
because of the excellent heat transfer characteristics and low
moderation ratios of such metals. Among them, lead-based liquid
metals (LLMs), such as lead–bismuth eutectic (LBE) and pure
lead, have very high boiling temperatures that allow the reactor
system to operate at normal pressure, and this eliminates the
possibility of coolant boiling. Accidents in pressurized water
reactors resulting in deterioration of core heat transfer due to
system pressure relief or coolant boiling do not constitute a threat
to LLM reactors. Additionally, the chemical inertness of LLMs, in
contrast to sodium, eliminates the risk of fire and explosion upon
contact with water and air. Therefore, despite problems with
corrosion and polonium contamination, LLMs remain one of the
most competitive coolant candidates for future reactors.

It is generally believed that the flow characteristics of liquid
metals, including LLMs, are similar to those of traditional fluids such
as water and air (Isakoff, 1951; Brown et al., 1957; Zheng et al., 2016).
However, due to their excellent thermal-conductivity coefficients,
the heat-transfer characteristics of these materials under turbulent
conditions are significantly different from those of ordinary fluids,
and thismakes theirmolecular thermal conductivity important, even
under turbulent conditions, and it cannot therefore be neglected
(Dwyer, 1976; Reed, 1987).

As a basement geometry, there have been many studies on the
heat-transfer characteristics of liquidmetals, including LBE, flowing
in a circular tube. Various heat-transfer equations have been
proposed, and most of these are empirical relations based on
fitting of experimental data. Furthermore, all of these empirical
relations are built on the structural form of the Lyon–Martinelli
semi-empirical relation (Martinelli, 1947; Lyon, 1949). This relation
has a structural form comprising the sumof thermal conductive and
convective terms, in which the thermal conductive term is a
constant and the convective term is related to the Péclet number.

For mercury and alkali metals, a large amount of experimental
data is available for developing and validating empirical relations.
However, comparatively little experimental data relating to LLMs
have been obtained, and few relations exist that have been

specifically developed for LLMs (Pacio et al., 2015; Zhang et al.,
2020b). Although it has long been believed that the heat-transfer
relations of other liquidmetals can also be applied to LLM, a recent
study (Cheng and Tak, 2006) shows that the turbulent Prandtl
numbers of LLMs are significantly higher than those of other liquid
metals. Furthermore, LLMs have significant corrosion and erosion
effects on stainless-steel structural materials. The surface
conditions in actual operation may also be different from those
with other metals. However, most studies on the heat-transfer
characteristics of LLMs have focused on smooth surfaces.

This study focused on these problems, and heat-transfer
experiments with LBE flowing in a circular tube were carried
out. Theoretical analysis methods for heat-transfer in LLM tubes
were established, theoretically derived relations were obtained,
and the influence of roughness on heat transfer in liquid metals
was examined. The results have important reference significance
for understanding LLM heat-transfer mechanisms and industrial
thermal–hydraulic design.

FIGURE 1 | Schematic of the NCCL facility, showing: 1. LBE storage and
melting tank; 2. pre-heating section; 3. test section; 4. heat exchanger; 5. EMF
calibration tube; 6. liquid-level probes; 7. EMP; 8. EMP control system; 9.
EMF; 10. oil storage tank; 11. oil heating system; 12. gas outlet.
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EXPERIMENTAL METHODS

Experimental Loop
Thermal–hydraulic experiments with LBE flowing in a circular
pipe were conducted using the Natural Circulation Capability Loop
(NCCL). The NCCL is a high-temperature experimental facility
that has three different running modes: pump driving, gas lift, and
pure natural circulation. It was designed for performing
experimental measurements of the thermal–hydraulic
characteristics of LBE to provide support to the design of lead-
cooled fast reactors (LFR) and accelerator-driven systems (DAS).
The experimental facility is composed of a primary loop containing
LBE and a secondary loop with oil for cooling. The LBE loop is
rectangular, and it includes a melting tank, riser, pre-heating
system, cooling section, electromagnetic pump (EMP),
downcomer, electromagnetic flowmeter (EMF), EMF calibration
system, electric heating system, and a measuring instrument. The
test section is installed in the bottom of the riser. The secondary
loop is designed for the cooling of LBE and is connected with the
primary loop through a double-tube heat exchanger. The melting
tank is used to store and melt the LBE and is heated by heating
wires with a heating power of 6 kW. During the experiments, the
upper level of LBE is designed to be located in the center of the
LBE–oil heat exchanger, leaving enough space to store argon. The
EMF is used tomeasure the flow rate of liquid LBE and is calibrated
by the EMF calibration system with five liquid-level sensors at
different heights. The entire LBE loop is wrapped with electric
heating wires for pre-heating before the LBE enters. The LBE loop
is also wrapped with a layer of insulation to reduce heat loss. All
pipes and components of this facility in direct contact with LBE are

made from 316 L stainless steel. The general layout of this facility is
shown in Figure 1.

In these experiments, three circular tubes with different
diameters were used as test sections. The internal diameters of
the test sections were 20, 35, and 50mm, and the wall thickness of
the test section was 5 mm to ensure a uniform heat flux. The length
of the test section was 2 m, and it was divided into two parts, the
pre-heating section and the measuring section, each having a
length of 1 m. The pre-heating section was designed to ensure
that the flow was fully developed before entering the measurement
section. The measuring section was equipped with thermocouples
and partial-pressure sensors. The heating section was wrapped
with 2 mm outer-diameter heating wires with a pitch of 5 mm.

In the experiments, more than 20 thermocouples (TCs), each with
an outer diameter of 1.5mm,were placed at different loop locations to
measure the temperature distribution of the LBE. Six thermocouples
with an outer diameter of 1.5 mm were used to measure the
temperature of the LBE in the measuring section, including two
for the inlet and outlet and four for different heights in the measuring
section. Four TCs with an outer diameter of 1mmwere embedded in
the walls at the same four heights of the test section to measure the
wall temperature. A differential pressure sensor was used to measure
the pressure drop in the test section. Two pressure sensors were
connected to the test section with horizontal tubes to reduce the
temperature of the LBE touching the pressure membrane. All the

measuring points in the test section are shown in Figure 2. More
information about the NCCL experimental facility can be found in a
previous report (Zhang et al., 2020a).

Experimental Conditions and Results
The experiments were conducted under stable temperature and
pressure conditions. The variables in this experiment included the
inner diameter of the test sections, the mass flow rate of the LBE, the

FIGURE 2 | Schematic of the test section.

TABLE 1 | Experimental conditions for each case.

Inner
diameter mm

Inlet
temp.°C

Heat
flux W/m2

Peclet
number/

Test
case/

20 300 22,823 508∼3,985 Test 1
32,707 731∼3,504 Test 2
37,876 780∼3,648 Test 3
43,757 731∼3,556 Test 4
56,384 775∼2,379 Test 5

400 22,823 380∼3,610 Test 6
37,876 460∼3,764 Test 7

35 300 21,762 677∼4,546 Test 8
30,394 785∼4,235 Test 9
40,466 562∼3,961 Test 10

400 21,762 801∼3,106 Test 11
30,394 617∼2,712 Test 12
40,466 534∼1,434 Test 13

50 300 19,131 409∼1,769 Test 14
31,463 926∼2,112 Test 15
41,327 1,096∼2,213 Test 16

340 19,131 438∼1,925 Test 17
31,463 574∼2,106 Test 18
41,327 1,065∼1,984 Test 19
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inlet temperature, and the heat flux added to the test section.
Previous work (Zhang et al., 2020a) examined seven cases for a
20-mm-diameter pipe and six cases for a 35-mm-diameter pipe. This
study completes six cases for a 50-mm-diameter pipe according to
the same experimental methods. The experimental conditions for
each case are listed in Table 1.

Figure 3 shows the Nusselt-number results under various
Péclet numbers for each case. There is a consistent tendency in
the experimental data. Significant differences between the cases
are not observed in the results, which means that in the range of
the parameters considered in these experiments, the inner
diameter, inlet temperature, and heat flux at the wall have
little impact on the heat-transfer behavior of LBE.

When comparedwith experimental data in the literature (Johnson
et al., 1953; Ibragimov et al., 1960), the Nusselt numbers (Nu)
obtained from the NCCL experiments at low Péclet numbers are
significantly lower, while the results at high Péclet numbers are
higher. The reason for this tendency may be a difference in the wall
conditions. The NCCL facility has no oxygen-control system, which
may lead to the oxidation of LBE and the corrosion of the inner wall,
and thus the condition of a smooth pipe cannot be maintained.
Figure 4 shows the friction-factor results of flow experiments carried
out in a 20-mm-diameter pipe. The friction factors are higher than
the values corresponding to a smooth pipe and are between the
ranges of the results for relative roughness h/d from 0.004 to 0.010.
The friction-factor results with relative roughnesses of 0.004 and
0.010 were calculated using an empirical relation based on Moody’s
curve, which is given later in this report, in Eq. 25.

ANALYTICAL STUDY METHODS

Because of a lack of experimental data relating to the flow of LBE or
other LLMs, this section describes a theoretical analysis of the impacts
of roughness that was carried out based on themethods established for
a smooth pipe. Thesemethods are then validated by experimental data
from the literature, as detailed in Section 4.1. Section 4.2 then gives the
results of these theoretical relations for various relative roughnesses.

Main Assumptions
For liquid metals flowing in a circular tube under fully developed
turbulent flow with uniform wall heat flux, Lyon (1949) derived a
theoretical heat-transfer integral formula following Martinelli
(1947), assumptions:

1
Nu

� 2∫1

0

[(∫Rq

0
VRdR)]

Rq(1 + Pr
Prt

εM
υ ) dRq, (1)

where: V is the dimensionless velocity, which is defined as

V � u
um

� up

um

u
up

�
����
cf/2√ u

up
;

up is the shear velocity, which is related to mean velocity by
up � ����

τw/ρ
√ � um

����
cf /2

√
; and R is the dimensionless radius, which

is defined as R � r
rw
.

The assumptions used by Lyon (1949) to derive the
integral formula are as follows. The system is assumed to
operate under steady-state conditions with no end effects,
and the physical properties of the liquid metal are constant.
The total heat flux in the axial direction, including molecular
and eddy heat flux, is assumed to be uniform, while the
molecular conductivity perpendicular to the flow direction
is assumed not to be affected by eddies, velocity, or axial
velocity gradients.

To solve the integral formula, because the turbulent Prandtl
number (Prt) of liquid metals was not known, Lyon assumed Prt �
1. Moreover, it was assumed that the flow characteristics of liquid
metals were similar to those of ordinary fluids such as water and
air. Therefore, experimental data relating to the velocity and eddy
diffusivity of momentum distributions of water were used to solve
the integral formula. By fitting the numerical integration values of
various Péclet numbers (Pe), Lyon’s relation for liquid metals was
established as

FIGURE 3 | Heat-transfer results from the NCCL experiments.

FIGURE 4 | Friction-factor (f) results at different Reynolds numbers (Re)
from the NCCL experiments.

Frontiers in Energy Research | www.frontiersin.org February 2021 | Volume 9 | Article 6349644

Shen et al. Heat Transfer of Liquid Metals

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Nu � 7.0 + 0.025Pe0.8. (2)

The constant term of Eq. 2 is called the conductive term, and
this represents the contribution of molecular conduction, and the
power function of the Péclet number is called the convective term,
which expresses the contribution of turbulent convection.

Although the assumption of Prt � 1 and the method of fitting
of numerical integration results may result in deviations that have
been proven to lead to overestimation of the results of
experiments performed later, the form of Eq. 2 is still adopted
as the functional form of empirical relations. The deviations can
be corrected after fitting using enough experimental data.
However, the experimental data available for LLMs are
limited. Therefore, a theoretical analysis is needed to discover
the heat-transfer characteristics of LLMs.

The theoretical analysis starts from the Lyon–Martinelli integral
formula given by Eq. 1. To solve this integral formula, the
dimensionless velocity and eddy diffusivity of momentum functions,
as well as the turbulent Prandtl number, should first be obtained.

Preparation Before Solving the Integral
Equation.
The dimensionless velocity of liquid metals can be obtained by
substituting the velocity distribution of the turbulent flow of
water in a circular tube, which is determined by Nikuradse (1950)
relation, into the definition of dimensionless velocity:

V �
����
cf/2√ u

up
�

����
cf/2√ [5.5 + 2.5 ln9(rw − r) u

p

υ
)]

�
����
cf/2√ [5.5 + 2.5 ln[(1 − R)Re

2

����
cf/2√ )]. (3)

The eddy diffusivity of momentum can be derived by force
balance. For a unit-length section of cylindrical fluid, according to
force balance:

2πrτ � πr2
dP
dz

. (4)

For a fully developed flow, the axial pressure gradient is
constant. Therefore, from Eq. 4, the shear stress is linear with
respect to radius, which means that the shear stress at any
radius has a relationship with the shear stress at the wall
defined by:

τ � r
rw
τw � r

rw

cf ρu2m
2

. (5)

However, for a turbulent flow, shear stress is defined as:

τ � ρ(υ + εM) dudy � ρ(υ + εM) ddy{up[5.5 + 2.5 ln(y up
υ
)]}

� ρ(υ + εM) 2.5u
p

y
. (6)

Combining Eqs. 5, 6 derives the eddy diffusivity of
momentum function as:

εM + υ

υ
� τy
ρυ2.5up

�
r
rw
τwy

ρυ2.5up
� 1
2.5

R(y up

υ
).

� 1
2.5

R(1 − R)Re
2

����
cf/2√ (7)

According to the research of Cheng and Tak (2006), the turbulent
Prandtl numbers for LLMs are greater than those for other liquid
metals. Moreover, Cheng and Tak also found that a constant
turbulent Prandtl number is more suitable for the form of Lyon’s
relation. Therefore, the turbulent Prandtl number used for solving the
integral formula of Eq. 1 for an LLM is 2.5, which is the integralmean
value of Cheng and Tak’s relations in a typical Péclet-number range.

Solution of the Integral Equation
To solve Eq. 1, the dimensionless velocity and diffusivity of
momentum functions given in Eqs. 3, 7 should first be
substituted into it:

1
Nu

� − cf
64

∫0

1
{[17 + 10 ln(Re

2

��������������������������������������
cf /

2 )]R2
q + 10(R2

q − 1)ln(1 − Rq) − 10Rq}2
Rq{1 + Pr

Prt
[ 1
2.5Rq(1 − Rq) Re

2

����
cf/2√

− 1]} dRq.

√√
(8)

The following variables are defined to simplify Eq. 8:

A � 1.7 + ln(Re
2

����
cf/2√ ),

B � 1 − Pr
Prt

,

C � Pr
Prt

Re
5

����
cf/2√

.

(9)

Equation 8 can be simplified by substituting Eq. 9 into it and
letting x � 1 − Rq:

1
Nu

� −100
64

cf ∫0

1

[A(1 − x)2 + (x2 − 2x)ln x − (1 − x)]2
(1 − x)[B + Cx(1 − x)] dx.

(10)

Equation 10 is still a complex integral equation, even after
simplification. Therefore, integration by parts is needed. Notice
that the denominator has a primitive function as:

∫0

1

1

(1 − x)[B + Cx(1 − x)] dx � 4B + C + ���������
C(4B + C)√

2B(4B + C) ln[ ���������
C(4B + C)√

+ C(1 − 2x)] + 4B + C − ���������
C(4B + C)√

2B(4B + C) ln[ ���������
C(4B + C)√ − C(1 − 2x)] + ln(1 − x)

B
.

(11)

The following variables are defined to simplify Eq. 11:

D1 � 4B + C + ���������
C(4B + C)√

2B(4B + C) ,

D2 � 4B + C − ���������
C(4B + C)√

2B(4B + C) ,

E1 �
���������
C(4B + C)√ + C,

E2 �
���������
C(4B + C)√ − C.

(12)
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Substituting these variables into Eq. 11 produces:

∫0

1

1

(1 − x)[B + Cx(1 − x)] dx � D1 ln(E1 − 2Cx)

+ D2 ln(E2 + 2Cx) + ln(1 − x)
B

.

(13)

Expanding Eq. 10 using integration by parts, the following
equation can be obtained:

1
Nu

� −100
64

cf {(A − 1)2[D1 ln(E1) + D2 ln(E2)]

− ∫0

1

⎧⎨⎩ ∑3
n�0

φ1n(A)[D1x
n ln(E1 − 2Cx) + D2x

n ln(E2 + 2Cx)

+ 1
B
xn ln(1 − x)] + ∑3

n�0
φ2n(A)[D1x

n ln x ln(E1 − 2Cx)

+ D2x
n ln x ln(E2 + 2Cx) + 1

B
xn ln x ln(1 − x)]

+ ∑3
n�1

φ3n(A)[D1x
n(ln x)2 ln(E1 − 2Cx) + D2x

n(ln x)2

ln(E2 + 2Cx) + 1
B
xn(ln x)2 ln(1 − x)]⎫⎬⎭dx

⎫⎬⎭.

(14)

where φ(A) is the polynomial of coefficient A given by:

φ1n(A) �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

A(4A + 2) n � 3
(1 − 3A)(4A + 2) n � 2
(3A − 2)(4A + 2) n � 1
(1 − A)(4A + 2) n � 0

,

φ2n(A) �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

(8A + 2) n � 3
−(24A + 2) n � 2
(20A − 4) n � 1
4(1 − A) n � 0

,

φ3n(A) �
⎧⎪⎨⎪⎩ 4 n � 3

−12 n � 2
8 n � 1

Equation 14 consists of many integrand functions in the form
of simple multiple functions, and these can thus be integrated
independently. The results of Eq. 14 are then:

Nu � 0.64BF

cf
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[(−3A2 + 4A)(B
C
)2

− (A − 1)2(B
C
)]ln(E2

E1
) + ( − 3

2
A2 + 11

2
A − 23

4
)(B

C
)F + 2.4F

+[ − 2(B
C
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C
)2]di log(E2

E1
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+[ − A(E2

2C
)5
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2C
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)di log(E1
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+ 8(E2

2C
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)3][1

2
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E1
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ln2(E1
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) − 1

2
ln2(E1
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)ln(E2

E1
) − 2.404

2
]
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,

(15)

where F �
�����
1 + 4B

C

√
. It should be pointed out that during the

solving of ∫0

1
xn ln2 x ln(E2 + 2Cx)dx n � 4, 3, 2 and∫0

1
xn ln2 x ln(E1 − 2Cx)dx n � 4, 3, 2 by integrating by parts,

two non-integrable terms, ∫0
2C
E2

1
t ln t ln(1 + t) and∫0

2C
E1

1
t ln t ln(1 − t), respectively, are generated, where t is the

variable substitution function defined by t � 2C
E x. The former

can be neglected—although it will bring some deviations in the
region of low Péclet numbers—and the latter is approximated by
the function:

∫0

2C
E1

1
t
ln t ln(1 − t)dt � 1

2
(2C
E1

)2

ln2(E1

2C
) − 1

2
ln2(E1

2C
)ln(1

− 2C
E1

) − 1.202. (16)

The deviations between Eq. 16 and ∫0
2C
E1

1
t ln t ln(1 − t) are lower

than 0.3% in the very large Péclet-number region from 100 to
100,000.

The deviations between Eq. 15 and the exact integral value of
Eq. 1 are less than 0.4% for a very large region of Péclet numbers
between 500 and 10,000. For Péclet numbers less than 500,
deviations increase significantly due to the neglect of the non-
integrable term. However, the LLM-cooled reactor systems are
unlikely to operate at such low Péclet numbers. Therefore, Eq. 15
has sufficient accuracy for practical applications.

Equation 15 can be further simplified by neglecting some
terms in the denominator that only impact the results in the low
Péclet-number region. This will lead to a further increase in
deviations in the low Péclet-number region, but it will have little
impact in the high Péclet-number region. The deviation after
neglecting some terms is lower than 5.4% for Péclet numbers
greater than 1,000, which is still acceptable for the actual
application.

Moreover, if we multiply the numerator and the denominator
by F and divide by B/C after neglecting some terms in the
denominator, Eq. 15 becomes:

Nu � 0.64(4B + C)

cf

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
[(−3A2 + 4A)(B

C
) − (A − 1)2]F ln(E2

E1
)

+( − 3
2
A2 + 11

2
A − 23

4
)(1 + 4B

C
)

+[ − 2 + (−6A + 4)(B
C
)]Fdi log(E2

E1
)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (17)

According to Eq. 9, coefficient B is a function of the Prandtl
and turbulent Prandtl numbers, both of which are constant. The
coefficient C is a function of the Péclet number. Therefore, the
numerator of Eq. 17 is a sum of a constant term and a function of
the Péclet number, which has the same structure as Lyon’s
equation.

However, the denominator is a multiple function of cf and a
complex multinomial, and the latter has the form of a power
function of the Péclet number:
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
[(−3A2 + 4A)(B

C
) − (A − 1)2]F ln(E2

E1
)

+( − 3
2
A2 + 11

2
A − 23

4
)(1 + 4B

C
)

+[ − 2 + (−6A + 4)(B
C
)]Fdi log(E2

E1
)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
� αPeβ, (18)

where α and β are coefficients determined by the turbulent
Prandtl number and the molecular Prandtl number, and the
friction coefficient of turbulent flow in a circular tube is given by
cf � f

4 � 0.316
4Re0.25. Equation 17 has a much simpler form:

Nu � 10.24

0.316Pr0.25αPe(β− 0.25) +
2.56

�����
0.156

√
3.16Pr0.125Prtα

Pe(1.125−β). (19)

For LBE, the typical value of the molecular Prandtl number is
0.0147 (IAEA, 2002; NEA, 2015). The value of the turbulent
Prandtl number is the integral mean value of Cheng and Tak’s
relation, which is 2.5. Thus, the theoretical heat-transfer equation
for LBE flowing through a circular tube with a uniform heat-flux
boundary is:

Nu(LBE) � 10.287
Pe0.1175

+ 0.0599
2.5

Pe0.7575. (20)

The structure of Eq. 20 is similar to Lyon’s relation and most
of the existing relations, but it has a significant difference in that
the first (conductive) term, which has a constant value in Lyon’s
relation, also has a relationship with the Péclet number.
Moreover, the conductive term in Eq. 20 is inversely
proportional to the power function of the Péclet number,
which means that this value will decrease as the Péclet
number increases. The reason for this is that as the Péclet
number increases, the turbulent intensity strengthens, and the
heat transfer by eddy disturbances increases, which decreases the
temperature gradient and thus leads to a decrease in heat transfer
by molecular conduction.

RESULTS AND ANALYSIS OF THE
IMPACTS OF ROUGHNESS

In this section, the theoretical heat-transfer relation of LBE is first
compared with experimental data from published literature and
the NCCL facility, and then the impacts of roughness are
analyzed to explain the differences from the NCCL data.

Validation of the Theoretical Relation
Johnson et al. (1953) produced the first published experimental
data on heat transfer in LBE flowing in a tube. Ibragimov et al.
(1960) reported experimental data from LBE and Pb seven years
after Johnson et al.’s publication, and they proposed an empirical
relation based on the structure of Lyon’s relation:

Nu � 4.5 + 0.014Pe0.8 for 250< Pe< 9000. (21)

NEA (2015) proposed another relation based on the
experimental data of Ibragimov et al. This relation is thus
similar, and only the difference is the coefficient of convective term:

Nu � 4.5 + 0.018Pe0.8 for 90< Pe< 7000. (22)

Stromquist and Boarts (1953) gave a relation similar to Kirillov
and Ushakov’s, with a difference only in the conductive term:

Nu � 3.6 + 0.018Pe0.8 for 88< Pe< 4000. (23)

Cheng and Tak (2006) evaluated the existing relations mainly
based on Johnson et al.’s data and found that Kirillov and
Ushakov’s relation fitted Johnson et al.’s data well in the low
Péclet-number region, while Stromquist and Boarts’ relation
fitted the data in the high Péclet-number region. Both the
relations have the same convective term. Therefore, Cheng
and Tak indicated that the conductive term should be a
function of the Péclet number for LLM, and they proposed the
relation:

Nu � M + 0.018Pe0.8, (24)

M �
⎧⎪⎨⎪⎩ 4.5 Pe≤ 1000

5.4 − 9 × 10− 4Pe 1000< Pe≤ 2000
3.6 2000< Pe

. (24)

The theoretical relation given in Eq. 20was compared with the
literature data as well as the other four relations given in Eqs.
21–24. Figure 5 shows the deviation of Eq. 20 from the
experimental data in the literature for LLMs. It can be seen
that Eq. 20 fits quite well with Johnson et al.’s data. The
maximum deviations from all of the literature experimental
data (Johnson et al., 1953; Ibragimov et al., 1960) and Johnson
et al. (1953) data are 30 and 10.9%, respectively. Moreover, Eq. 20
shows better conformity with Johnson et al.’s data for high Péclet
numbers. The maximum deviation decreases to 5% when the
Péclet number is greater than 1,500. The deviation at low Péclet
numbers is due to the terms ignored in the derivation of the
theoretical relation, as noted above.

Figure 6 shows the deviations of Eqs. 21–24 from the
experimental data in the literature. Ibragimov et al.’s

FIGURE 5 | Deviation of Eq. 20 from experimental LLM data in the
literature.
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relation fits his experimental data well, with a maximum
deviation of 16.3%, but it underestimates all of Johnson
et al.’s data. Stromquist and Boarts’ relation fits Johnson
et al.’s data very well for high Péclet numbers, while
Kirillov and Ushakov’s relation fits Johnson et al.’s data for
lower Péclet numbers better than Stromquist and Boarts’. As a
combination of Stromquist and Boarts’ and Kirillov and
Ushakov’s relations, Cheng and Tak’s relation fits Johnson
et al.’s data quite well for all Péclet numbers, with a maximum
deviation of 10.5%.

Moreover, it can be seen in Figure 3 that relations that take the
conductive term as constant will lead to either an
underestimation at low Péclet numbers or an overestimation
at high Péclet numbers. If one takes the conductive term as a
function decreasing with Péclet number, as with Eq. 20 and

Cheng and Tak’s relation, good consistency with experimental
data can be obtained across the full range of Péclet numbers.

The relations were then evaluated by the root-mean-square
error (RMSE) method using the experimental data form the
literature, and the results are shown in Table 2. It can be seen
that the theoretical relation given in Eq. 20 has the best
consistency with the experimental data.

Figure 7 shows a comparison of Eq. 20 with the NCCL
experimental data and the literature experimental data. In
general, the results from Eq. 20 do not fall far from the range
of the NCCL data. However, the NCCL data are overestimated at
lower Péclet numbers and underestimated at higher Péclet
numbers. The literature experimental data have the same
trend as the NCCL data; however, for most data points, the
deviations are still lower than 15%.

FIGURE 6 | Deviations of other relations from experimental LLM data in the literature.
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As noted earlier, a possible reason for the above trend is that
the pipe wall is not smooth after testing and operation of the
NCCL facility, because it lacks an oxygen-control system. The
results of the flow experiments in a 20-mm-diameter pipe after
heat-transfer experiments show a significantly higher friction
factor at the wall than that for a smooth pipe, as shown in
Figure 4. Therefore, the impacts of roughness on the flow and
heat-transfer behavior for LLMs in a circular tube were analyzed,
and this is elaborated in the next section.

Analysis of the Impacts of Roughness.
For a turbulent flow, the roughness of the walls mainly impacts
the friction factor at the wall and the velocity distribution. The
friction factor for turbulent flow in a rough pipe can be given by
an empirical relation based on Moody (1944) curve:

f � 0.0055⎡⎣1 + (20000 h
d
+ 106

Re
)1/3⎤⎦, (25)

where h is the absolute roughness and h
d is the relative roughness.

The velocity distribution function for turbulent flow in a rough
pipe is given by Nikuradse as:

u
up

� 5.5 + 2.5 ln(y up
υ
) + N ,

N �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 , 0≤ log(uph
υ

)< 0.55

1.09 − 2.25 log(uph
υ

) , 0.55≤ log(uph
υ

)< 0.85

4.08 − 5.75 log(uph
υ

) , 0.85≤ log(uph
υ

)< 1.15

6.0 − 7.37 log(uph
υ

) , 1.15≤ log(uph
υ

)< 1.83

2.98 − 5.75 log(uph
υ

) , 1.83≤ log(uph
υ

)
(26)

It is easy to find that the velocity distribution function for a
rough pipe is a summation of the velocity distribution functions
for a smooth pipe and a function N with absolute roughness. The
value of N is independent of radius, which means that the
gradient of velocity in the radial direction for turbulent flow
in a rough pipe is the same as that in a smooth pipe.

As discussed above, to solve the heat-transfer integral equation
(Eq. 1), three variables should first be determined: the

dimensionless velocity, the eddy diffusivity of momentum, and
the turbulent Prandtl number.

Substituting Eq. 26 into Eq. 3, the dimensionless velocity for
LLM flow in a rough pipe is:

V �
����
cf/2√ u

up
�

����
cf/2√ {5.5 + 2.5 ln[(rw − r) u

p

υ
] + N}

�
����
cf/2√ {5.5 + N + 2.5 ln[(1 − R)Re

2

����
cf/2√ ]}, (27)

where the coefficient of friction is related to the friction factor as
cf � f

4.
For the eddy diffusivity of momentum, because the gradient of

velocity is the same as that in a smooth pipe, Eq. 7 is also suitable
for LLM flow in a rough pipe; roughness only impacts the friction
coefficient. Furthermore, the roughness has no impact on the
turbulent Prandtl number, according to Cheng and Tak (2006)
turbulent-Prandtl-number model. The model indicates that the
average turbulent Prandtl number is only dependent on to the
Péclet number. Therefore, by substituting Eqs. 27, 7 into Eq. 1,
Eq. 8 becomes:

1
Nu

� − cf
64

∫0

1
{[4(5.5 + N) − 5 + 10

ln(Re
2

�������������������������������������
cf /

2 )]R2
q + 10(R2

q − 1)ln(1 − Rq) − 10Rq}2
Rq{1 + Pr

Prt
[ 1
2.5Rq(1 − Rq) Re

2

����
cf/2√

− 1]} dRq.

√√ (28)

This only leads to a difference in coefficient A, and the other
coefficients are the same as those defined in Eqs. 9, 12, 15:

A � 4(5.5 + N) − 5
10

+ ln(Re
2

����
cf/2√ ). (29)

TABLE 2 | RMSE results of relations based on literature data.

RMSE of Eq. 20 Ibragimov Stromquist Kirillov Cheng

All data 1.01 1.27 1.35 1.49 1.09
Johnson’s data 0.43 1.49 1.13 0.87 0.61

FIGURE 7 | Comparison of Eq. 20 with NCCL and literature
experimental data.
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Therefore, Eq. 17 is still suitable for predicting heat transfer
for an LLM flowing in a rough pipe by changing the coefficient A
to Eq. 29 and using the friction coefficient given by Eq. 25. The
simplified equation used for application then has the same
structure as Eq. 20:

Nu � a
Peb

+ c
2.5

Ped. (30)

The coefficients of Eq. 30 are determined by the relative
roughness, which influences the friction coefficient and the
velocity-related coefficient A, and the molecular Prandtl
number. Table 3 gives the coefficients for different relative
roughnesses. Figure 8 shows a comparison of the results of
Eqs. 30, 20 for a smooth pipe and the best-fit line of the
NCCL experimental data.

The results from Eq. 30 are in general lower than or near the
results from Eq. 20 at low Péclet numbers, but they increase faster
than the latter as the Péclet number increases. For turbulent flow,
roughness has two opposite effects on heat transfer. First, it can
enhance the turbulence intensity, which is beneficial to enhancing
convective heat transfer. Second, it destroys the bottom layer of
laminar flow, thus weakening the influence of conductive heat
transfer, as shown in Figure 9. For liquid metals, conduction has a
significant effect on heat transfer. Therefore, at low Péclet
numbers, due to the low turbulence intensity, the adverse
effect caused by the weakening of heat conduction is greater,
resulting in the overall deterioration of heat transfer. As the Péclet

number increases, turbulence gradually strengthens, and
convective heat transfer intensifies, which leads to the
improvement of heat transfer.

Furthermore, lower relative roughnesses have a smaller
impact zone, which means that the roughness will mainly
impact the bottom layer of laminar flow. Impacts on the
turbulence intensity in the area of the turbulent core will
only appear when the Reynolds number is large enough.
Something else that can be seen in Figure 8 is that the
results of Eq. 30 for a relative roughness of 0.004 are very
close to the best-fit line of the NCCL experimental data.
Figure 10 shows the deviation of Eq. 30 with a relative
roughness of 0.004 from the NCCL experimental data.

The trends in the predicted results for the NCCL
experimental data improve significantly when considering
the wall roughness. The results for Péclet numbers lower

TABLE 3 | Coefficients of Eq. 30 for different relative roughnesses.

h/d a b c d

0.002 12.8773 0.1809 0.0385 0.8115
0.003 13.7931 0.1877 0.0425 0.8069
0.004 14.6453 0.1935 0.0463 0.8023
0.005 15.4683 0.1987 0.0500 0.7978
0.006 16.2025 0.2030 0.0534 0.7940
0.008 17.5103 0.2100 0.0597 0.7877

FIGURE 8 | Results of Eq. 30 for different relative roughnesses.

FIGURE 9 | Ratios of the conductive term for different relative
roughnesses.

FIGURE 10 | Deviation of Eq. 30with a relative roughness of 0.004 from
the NCCL experimental data.
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than 500 are still slightly overestimated due to the neglect of
some terms, as with Eq. 20. However, when the Péclet number
is greater than 500, the predicted results fit very well with the
experimental data, and most results remain within a deviation
belt of ±10%. The maximum deviation for Péclet numbers
greater than 500 is 21.55%, and this decreases to 14.05% for
Péclet numbers greater than 1,000. Figure 11 shows the
deviations of the other relations from the NCCL
experimental data, although these relations were not
developed for LLM flow in a rough pipe.

Ibragimov et al.’s relation underestimates most experimental
data, and the deviation increases as the Péclet number increases,
while Kirillov and Ushakov’s relation overestimates most data.
Stromquist and Boarts’ relation fits the NCCL experimental data
very well, because it underestimates the literature data at a low
Péclet numbers, which seems proper for a rough pipe. Cheng and

Tak’s relation fits the experimental data well at high Péclet
numbers but overestimates at low Péclet numbers, as with
Kirillov and Ushakov’s relation.

Figure 12 shows the RMSE results for each relation when
compared with the NCCL experimental data. Eq. 30 with a
relative roughness of 0.004 has the lowest RMSE result of all the
relations for heat transfer of an LLM flowing in a pipe.
Stromquist and Boarts’ relation also gives good results, but
the error increases when the Péclet number is greater
than 1,000.

In conclusion, the theoretical relation for heat transfer of an
LLM flowing in a rough pipe reveals the impacts of roughness,
which can explain the deviation between the NCCL experimental
data and experimental data in the literature. The results of Eq. 30
with a relative roughness of 0.004 show good consistency with the
NCCL data.

FIGURE 11 | Deviations of other relations from the NCCL experimental data.
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CONCLUSION

An experimental study of the flow and heat transfer of LBE flowing in
a circular tube under uniform heat-flux boundary conditions was
carried out at the NCCL facility. A total of 19 cases with different
conditions based on three pipes with different inner diameters were
tested, and a total of 152 heat-transfer data points, covering a Péclet-
number range from 380 to 4,600, were obtained. The heat-transfer
results from the NCCL tests showed a different tendency from the
experimental data in the literature: at low Péclet numbers the results
were smaller, while they were higher at high Péclet numbers. The flow
results from the NCCL tests showed a much higher friction factor
than expected for a smooth pipe, which reflects the characteristics of a
rough pipe. A theoretical study was therefore performed, and the
resulting relation was validated using experimental data from the
literature. The theoretical relation shows good agreement with the
literature data, especially Johnson et al.’s data, and it has the best
RMSE result when compared with the other four existing relations
that have been developed or considered to be suitable for an LLM.The
theoretical relation for an LLM flowing in a rough pipe was then
established using the same methods while taking account of the
impacts of roughness.

The main conclusions based on these experimental
investigations and theoretical analyses are as follows.

1. The heat-transfer results of the NCCL experiments under various
conditions indicate that the inner diameter of the pipes, the inlet
temperature, the heat flux at the wall, and the physical properties
that have strong relations with temperature, have little impact on
the Nu–Pe relation of an LLM.

2. The theoretical relation reveals that the heat transfer of an LLM
consists of a conductive term and a convective term. The
conductive term, which has for a long time generally been
considered as a constant, has now been demonstrated to also
have a relationship with the Péclet number.

3. Moreover, the value of the conductive term decreases slightly
from 4.57 to 3.70 as the Péclet number increases from 1,000 to
6,000, while the ratio of the conductive term to the total heat
transfer decreases dramatically from 50.45 to 17.51% due to the
rapid increase of the convective term.

4. The roughness has two competing impacts on the heat-transfer
behavior of an LLM flowing through a pipe. On the one hand, it
reduces conductive heat transfer due to destruction of the
laminar sub-layer; on the other hand, it increases convective
heat transfer due to the enhancement of turbulent flow.
Therefore, heat transfer increases more rapidly as the
relative roughness or Péclet number increase. A relative
roughness h/d ≥ 0.006 improves the heat transfer, while h/
d ≤ 0.002 will cause heat transfer to be worse than that in a
smooth pipe in the typical Péclet-number range for an LLM.
For relative roughness 0.02 < h/d < 0.006, systems operating at
higher Péclet numbers are beneficial for heat transfer.

The theoretical relation for a rough pipe with a relative
roughness of 0.004 provides the best fit for the heat-transfer
results of the NCCL experiments. However, the relative
roughness derived by the relation from the Moody curve,
which is used for water, produces friction-factor results from
the NCCL experiments that is greater than 0.004. There may be
several reasons for this, including the uncertainty of the relevant
instruments, differences in the flow characteristics between an
LLM and water, and the simplification of the object during
theoretical analysis. Therefore, further research on the flow
characteristics of LLMs is needed to resolve this question.
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NOMENCLATURE

Nu Nusselt number

Pe Péclet number

Pr Prandtl number

Prt turbulent Prandtl number

Re Reynolds number

u velocity

um mean velocity

u* shear velocity

T temperature

P pressure

f friction factor

cf friction coefficient

z axial distance

r radius

rw tube inside radius

y distance from the wall

R radius ratio

Rq variables in successive integrations

V velocity ratio

h absolute roughness

ρ density

υ kinematic viscosity

τ shear stress

τw shear stress at the wall

εM eddy diffusivity of momentum
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