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Effects of reducing the upwind area of conical-strip tube inserts on heat transfer and friction factor char-
acteristics of turbulent flow are experimentally investigated. The conical-strip insert resembles one quar-
ter of the conical-ring insert in terms of its upwind area. Results show that the Nusselt number for the
case with conical-strip inserts is only 53–56% of that for the case with conical-ring inserts, the friction
factor for the former is merely 4–6% of that for the latter, and thus the thermo-hydraulic performance
factor can be enhanced by 36–61% if replacing conical-ring inserts with conical-strip inserts for turbulent
flow within Re range 5000–25,000. In addition, a comparative study of the short conical strip and the
T-type conical strip, which can be regarded as boundary-cutting and core-cutting to the normal conical
strip respectively, is performed. Results indicate that the flow resistance can be reduced by both methods.
However, a weakened heat transfer and a worsened thermo-hydraulic performance are obtained for the
case with boundary-cutting strip inserts. In contrast, the case with T-type core-cutting conical-strip
inserts, if a suitable core-cutting size is taken, shows a better thermo-hydraulic performance as compared
with the case with normal conical-strip inserts when the Reynolds number is relatively large. Effects of
the pitch between neighboring strips have also been examined. It is found that smaller pitch leads to
higher heat transfer rate whereas the flow resistance is increased. A moderate pitch between conical
strips is beneficial to the overall thermo-hydraulic performance.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Heat transfer augmentations are frequently encountered in
many industrial fields like power generation, air-conditioning, pet-
rochemical engineering. Researchers throughout the world have
made great efforts to develop various heat transfer augmentation
techniques [1–3], classified distinctly into two categories: passive
and active. The passive technique, due to no consumption of any
additional energy, is generally more popular in practice. Utiliza-
tions of various kinds of tube inserts, such as twisted tape [4–6],
helical screwed tape [7,8], coiled wire [9–11], louvered strip [12],
porous media insert [13,14], and conical rings [15–18], are typical
representatives of the passive technique. Tube inserts activate and
intensify the swirl flow in the tube, reducing the thickness of the
thermal boundary layer. However, the flow resistance is also
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increased as the tube inserts reduce the cross-sectional area of
fluid pathway.

Researching and optimizing the thermo-hydraulic performance
of tube flow with tube inserts has gained continuing attentions in
related scientific and industrial fields. The purpose is to seek for a
maximized heat transfer augmentation with flow resistance being
controlled as low as possible. Saha et al. [19,20] experimentally
studied the heat transfer and friction factor characteristics of lam-
inar flow in a circular tube fitted with regularly spaced twisted
tape elements, which less block the fluid flow compared with the
continuous twisted tape. Their experimental results showed that
the pressure drop for the flow in tube inserted with segmented
twisted tape elements is 40% smaller than that for the flow in tube
inserted with continuous twisted tape, and the former has a better
thermo-hydraulic performance than the latter. Eiamsa-ard et al.
[21] experimentally investigated the convective heat transfer
behaviors for both laminar and turbulent flow in a circular tube fit-
ted with the segmented twisted tape elements, and got similar
observations as reported by Saha et al. [19,20].

Further, Ayub and Al-Fahed [22] experimentally studied the
effects of upwind area of the twisted tape. Results showed that
enlarging the gap between the tape edge and the tube wall by
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Nomenclature

cp specific heat at constant pressure, J kg�1 K�1

D the tube diameter, m
f friction factor
h heat transfer coefficient, W m�2 K�1

k thermal conductivity, W m�1 K�1

L length of the test tube, m
Lc radius of core-cutting, m
Ls length of the conical strip, m
Nu Nusselt number
Pr Prandtl number
Dp pressure drop, N m�2

Q heat transfer rate, J s�1

Re Reynolds number
r dimensionless length of the conical strip, r = Lssin a/

(Di/2)
rc dimensionless radius of core-cutting, rc = Lcsin a/(Di/2)
S pitch of the conical strips, m
s dimensionless pitch of the conical strips, s = S/Di

T temperature, K
DT temperature difference, K
U flow velocity, m s�1

V volume flow rate, m3 s�1

Greek symbols
a slant angle (�)
m kinetic viscosity, m2 s�1

q fluid density, kg m�3

p circumference ratio

Subscripts
0 plain tube
i inner
in inlet of the tube
o outer
out outlet of the tube
w tube wall
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decreasing the width of twisted tape could effectively reduce the
friction factor. Eiamsa-ard et al. [23] numerically studied the con-
vective heat transfer behaviors in the tube fitted with narrow
twisted tapes. They also found that it was beneficial to reducing
Fig. 1. (a) Schematic of the conical-strip insert, (b) geometry of the conical strip, (c) schem
strip insert.
the pressure flow resistance if decreasing the width of twisted tape
insert. However, both the heat transfer and the thermo-hydraulic
performance were weakened. Guo et al. [24] investigated the heat
transfer and friction factor characteristics in the tube fitted with
atic of the circular tube with the conical-strip insert, and (d) picture of the conical-
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center-cleared twisted tapes. Unlike the narrow twisted tape
whose upwind area is reduced by cutting off the tape edge near
the tube wall, the center-cleared twisted tape cuts off the tape por-
tion in the core flow region. It was found that this method is capa-
ble of reducing the flow resistance and maintaining a high heat
transfer performance at the same time. Therefore, the thermo-
hydraulic performance was enhanced.

Although tremendous efforts have been made to reduce the
flow resistance by the method of decreasing the area of the tube
insert, the research focused on decreasing the upwind area by cut-
ting off the insert portion in the core flow region is very rare to
date. The present work chooses the conical-strip insert and designs
experiments to study the effects of reducing the upwind area of the
tube insert. The conical-strip insert is a modification of the conical
rings [25,26]. Experimental studies by Promvonge [17] found that
the conical-ring insert is a good device for heat transfer augmenta-
tion, whereas a substantial increment of flow resistance is also
accompanied due to the large upwind area of the conical ring,
which severely blocks the flow path. In contrast to the conical ring,
Fig. 2. Sketch of the tube with conical rings.

Fig. 3. Geometry of the T-type conical strip.

Fig. 4. Schematic of the ex
the conical strip brings less blocking effect to the flow in the core
flow region. It is thus expected that the conical-strip insert can
reduce the flow resistance and at the same time keep strong
enough disturbance to the thermal boundary layer. This work will
investigate the heat transfer and friction factor characteristics of
turbulent flow in circular tubes fitted with various conical-strip
perimental apparatus.

Fig. 5. The Nusselt number (Nu) and friction factor (f) versus the Reynolds number
(Re) for turbulent flow in smooth: (a) Nu and (b) f.
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inserts of different geometrical parameters. Comparisons will be
made between the effects of removing away the portions of the
conical strip near the tube wall and in the core flow region.
2. Details about the experiment

2.1. Geometry of the inserts

The geometry of the conical-strip insert is depicted in Fig. 1. For
comparison, a sketch of the tube fitted with the conical rings [17] is
also shown in Fig. 2. It is clearly seen that the conical strip resem-
bles one quarter of the conical ring. With this modification, block-
ing to the flow path due to the inserts is largely reduced in the core
flow region while remains relatively large in the vicinity of the
boundary layer. In the present study, the inner diameter (Di) and
thickness of the tested tube are 18 mm and 2 mm, respectively.
The strips with thickness of 1 mm are welded on a 3 � 3 mm
square steel rod, with a slant angle of a = 30� and staggered array
to give the best performance reported in [25,26]. To characterize
the geometrical parameters of the conical strip, we defined two
dimensionless variables, one is the dimensionless radius, r = Lssin
a/(Di/2), and the other is the dimensionless pitch, s = S/Di�r = 1
means that the outer edge of conical strip with the length (Ls) of
15 mm reaches the tube wall. r = 0.89 means a reduction of the up-
wind area by cutting off the strip portion in the vicinity of bound-
ary layer. In addition, we proposed a T-type conical strip, as
depicted in Fig. 3. The T-type conical strip is a modification to
the conical strip of r = 1 by cutting off the strip portion in the core
flow region except a portion with width of 3 mm for fixing. And a
Fig. 6. Comparisons of the Nusselt number ratio (Nu/Nu0), the friction factor ratio (f/f0) an
(a) Nu/Nu0, (b) f/f0, and (c) PEC.
dimensionless core-cutting radius, rc = Lcsina/(Di/2), has been
defined.

2.2. Experimental apparatus

Experiments were conducted in a double-tube heat exchanger
made of stainless steel. The schematic of the experimental appara-
tus is shown in Fig. 4. The length of the test section is 2000 mm.
The outer tube is 42 mm in inner diameter and 3 mm thick, cov-
ered by a 60-mm thick thermal insulating layer. Cold water coming
from a tank with a stable water level flows through the inner tube,
and finally effuses the system. The volumetric flow rate is con-
trolled by adjusting the frequency of the pump that drives the cold
water flow. Hot water cycles between the outer tube and hot water
tank. Temperature of the hot water is controlled by an electrical
heater. A high flow rate of the hot water is adopted to obtain an
approximately uniform wall temperature profile along the outer
surface of the tube. By doing so, derivation of the heat transfer
coefficient in the inner tube is simplified.

A differential gauge with an accuracy of ±5% is used to measure
the pressure drop along the test section of the inner tube. The
gauge’s measuring range is 0–32 kPa. Four T-type thermocouples
(accuracy: ±0.2 �C) are placed in four thermal wells (1 mm in inner
diameter and 0.8 mm thick), which are immersed up to the middle
of the tube to measure the inlet/outlet temperatures of both cold
and hot water. In order to get the bulk temperature, metal wire
meshes are installed as baffles before the thermal wells. Nine ar-
mored thermocouples with an accuracy of ±1% are installed with
equal spacing on the outer surface of the inner tube to measure
the wall temperature. A turbine flow meter is adopted to measure
d the thermal performance factor (PEC) for the conical-strip and conical-ring inserts:



Fig. 7. The Nusselt number ratio (Nu/Nu0), the friction factor ratio (f/f0) and the thermal performance factor (PEC) versus the Reynolds number (Re) for conical-strip inserts
with different upwind areas: (a) Nu/Nu0, (b) f/f0, and (c) PEC.
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the volumetric flow rate of the cold water. Its measurement range
is 0.15–1.5 m3/h and has an accuracy of ±1%. A data acquisition sys-
tem is used to collect and process all these measured signals.

2.3. Data processing

Unless otherwise stated, the thermo-physical and transport
properties of the inner tube side are determined in terms of the
average value of the inlet and outlet temperature, Tm, as defined
in the following equation.

Tm ¼
Tin þ Tout

2
ð1Þ

The average velocity in the test tube is calculated through Eq.
(2), where Vin is the volumetric flow rate of the water at the inlet.
Here, the subscript ‘in’ or ‘out’ denotes that the property is deter-
mined by the inlet or outlet temperature, respectively.

Um ¼
Vinqin

pD2
i q=4

ð2Þ

The Reynolds number and friction factor are calculated by:

Re ¼ UmDi

m
ð3Þ

f ¼ Dp

ðqU2
m=2ÞðL=DiÞ

ð4Þ

The total heat transfer rate Q is calculated by,

Q ¼ qincpVinðTout � TinÞ ð5Þ
The Nusselt number (Nu) can be calculated based on:
h ¼ Q
pDiLDT

ð6Þ
DT ¼ ðTw � TinÞ � ðTw � ToutÞ
ln Tw�Tin

Tw�Tout

ð7Þ
hi ¼
1

1
h �

Di
2kw

ln Do
Di

ð8Þ
Nu ¼ hiDi

k
ð9Þ
where h is the total heat exchange coefficient of the inner tube; Do is
the outer diameter of the inner tube; L is the length of the tested
section; Tw is the average temperature of the outer surface of the in-
ner tube; kw is the thermal conductivity of the inner tube wall; k is
the thermal conductivity of the cold water at Tm.

The experimental uncertainties were calculated following the
Coleman and Steele method [27] and ANSI/ASME standard [28].
The maximum uncertainties of the Reynolds number, friction fac-
tor, and Nusselt number were analyzed to be about ±1.1%, ±5.4%,
and ±5.1%, respectively. Detailed processes of the uncertainty cal-
culations could be found in the appendix.



Fig. 8. The Nusselt number ratio (Nu/Nu0), the friction factor ratio (f/f0) and the thermal performance factor (PEC) versus the Reynolds number (Re) for conical-strip inserts
with different pitches: (a) Nu/Nu0, (b) f/f0, and (c) PEC.
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3. Results and discussions

3.1. Reliability validation

Before performing the experiments with respect to tube inserts,
an experiment with respect to plain tube is conducted to verify the
reliability of the experimental apparatus and data processing pro-
cedure. Fig. 5a and b shows the variation curves of the Nusselt
number and friction factor as function of the Reynolds number,
respectively. It can be seen from Fig. 5a that the experimental re-
sults of the Nusselt number agree well with the theoretical predic-
tions of the Dittus–Boelter correlation (see Eq. (10)). The maximum
deviation is less than 6%. From Fig. 5b it is noted that the experi-
mental results of friction factor match satisfactorily with the val-
ues given by Blasius correlation (see Eq. (11)) and the maximum
deviation is less than 5%.

Nu0 ¼ 0:023Re0:8Pr0:4 ð10Þ

f0 ¼ 0:3164Re�0:25 ð11Þ

Both Eqs. (10) and (11) are used to describe fully developed
tube flow. The tested tube flow has a uniform temperature distri-
bution at the inlet. Though the flow-entrance effect may bring
deviation at experimental results to the theoretical data calculated
from Eqs. (10) and (11), it would be negligible as the flow is in tur-
bulent regime and the test section is long enough to dilute the en-
trance effect. Data presented in Fig. 5 justified this. Hence,
reliability of the experimental apparatus and data processing pro-
cedure are validated.

Correlations for both the Nusselt number and friction factor are
created based on the experimental data from plain tube case, as de-
scribed in Eqs. (12) and (13). The accuracies of Eqs. (12) and (13)
are within ±4% and ±2%, respectively.

Nu0 ¼ 0:063Re0:7Pr0:4 ð12Þ

f0 ¼ 0:3112Re�0:247 ð13Þ

Following we present first the results from the conical strip case
and compare the data with those from conical ring case, then pres-
ent and compare the results from the conical strip of r = 1, the
boundary-cutting conical strip (r = 0.89) and the core-cutting con-
ical strip (r = 1, rc = 0.72, 0.89) cases, last investigate the effect of
pitch between conical strips.

3.2. Comparisons of conical strip and conical ring cases

The ratios, Nu/Nu0 and f/f0 are adopted, respectively, to evaluate
the heat transfer enhancement and the flow resistance increase for
the tube flows. Nu0 and f0 are calculated from the empirical corre-
lations of Eqs. (10) and (11), respectively. In order to evaluate the
thermo-hydraulic performance of the tubes with inserts, the per-
formance evaluation criterion (PEC) proposed by Webb [29] is em-
ployed in the present work, as defined in the following equation:

PEC ¼ Nu=Nu0

ðf=f0Þ1=3 ð14Þ

Nu/Nu0, f/f0 and PEC versus the Reynolds number for the conical
strip and conical ring cases are displayed in Fig. 6a–c respectively.
The values of Nu and f for the conical ring case are calculated from
empirical correlations reported in [17], and the geometrical param-
eters of the conical-strip insert were selected to give the best over-
all performance. Data points denoted by the solid black squares are



Fig. 9. Comparison of experimental results with the correlated values: (a) Nu and
(b) f.
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experimental results from the conical strip case with r = 1 and
s = 2.5. From Fig. 6a it can be seen that the values of Nu/Nu0 for
both the conical ring and conical strip cases decrease as the Rey-
nolds number increases, which indicates that the heat transfer
augmentation effects for both cases are becoming weak with the
increasing of Re. The conical ring case shows a better heat transfer
enhancement than the conical strip case. The Nu/Nu0 for the coni-
cal ring case is 1.78–1.90 times as that for the conical strip case in
the Re range 5000–25,000. This is an expected result as the conical
ring has a larger upwind area and imposes more intensive distur-
bance to the flow than the conical strip. However, this better heat
transfer augmentation is realized at the cost of much more incre-
ment at flow resistance. As indicated by Fig. 6b, the f/f0 for the con-
ical ring case is 16.8–23.6 times as that for the conical strip case.
From Fig. 6c one can see that, the PEC value for the conical strip
case is much higher (�1.36–1.61 times) than that for the conical
ring case across the whole Re range examined. All these demon-
strate that, replacing the conical-ring insert with the conical-strip
insert is beneficial to the overall thermo-hydraulic performance
of tube flow.

3.3. Results from boundary-cutting and core-cutting conical strip cases

Further, we reduce the upwind area of conical strip by cutting
away a portion of the strip in distinct region near the tube wall
or in the core flow to investigate the effect of upwind area. Addi-
tional experiments were performed with respect to cases of smal-
ler conical-strip insert, r = 0.89, and of T-type conical-strip insert,
r = 1, rc = 0.72 or 0.89. The dimensionless pitch was fixed (s = 2.5)
for all these cases.

The variation curves of Nu/Nu0, f/f0 and PEC against Re for these
cases are summarized in Fig. 7a–c, respectively. Note that rc = 0 re-
fers to the normal conical strip that has no cutting-away portion as
shown in Fig. 1. It is clearly seen from Fig. 7a that, the heat transfer
performance for the case of r = 1, rc = 0 is better than that for the
case of r = 0.89, rc = 0. There are two reasons responsible for this.
First, the thermal boundary layer can be disturbed more inten-
sively if the conical strips are larger. Second, the larger conical
strips with outer edge in touch with the tube wall (r = 1) would
bring a fin effect. Although the flow resistance for the case of
r = 1, rc = 0 is larger than that for r = 0.89, rc = 0, as depicted in
Fig. 7b, the former has a higher PEC value than the latter, as
depicted in Fig. 7c, indicating it is unfavorable to the thermo-
hydraulic performance if reducing the upwind area of the conical
strips by simply lowering r.

It is also seen from Fig. 7 that for the T-type conical strip cases,
the heat transfer rate and the friction factor are both lowered. Both
the heat transfer rate and friction factor decrease with the incre-
ment of the core-cutting radius rc. The overall performance exhib-
its a more complicated characteristic (see Fig. 7c) than the heat
transfer performance and flow resistance. Both the PEC values for
the cases of rc = 0.72 and 0.89 are slightly larger than that for the
case of rc = 0 when the Reynolds number is relatively small. Then
they both decline and become smaller than that for the case of
rc = 0 when Re rises up to 8000. For further increased Re, the PEC
value for the case of rc = 0.72 becomes the smallest among the
three cases, while, the PEC value for the case of rc = 0.89 surpasses
that for the case of rc = 0 again once Re is greater than 18,000. A
suitable cutting-away of the conical strips can be beneficial to
the overall performance when the Reynolds number is relatively
large.

It is well know that the convective heat transfer for tube flow is
enhanced by an insert owing to the disturbance to the flow and the
reduction of the boundary layer thickness due to the insert. There-
fore, setting an insert as close as possible to the tube wall would be
very important to the heat transfer augmentation. Cutting off a
portion of insert in the core flow region will not be too detrimental
to the heat transfer augmentation, whereas it may largely reduce
the flow resistance and thus enhance the overall thermo-hydraulic
performance.

3.4. Effects of the pitch

In the above cases, the dimensionless pitches of all the inserts
were fixed, s = 2.5. We additionally studied the effects of the pitch
with respect to the conical-strip inserts of r = 1, rc = 0. Cases of
s = 1.67, 2.5 and 3.33 are considered.

The variation curves of Nu/Nu0, f/f0 and PEC versus the Reynolds
number for the three cases are depicted in Fig. 8a–c, respectively. It
is noted that, the value of Nu/Nu0 increases with the decrease of the
dimensionless pitch s. That is to say, a closer alignment of conical
strips along the tube can obtain a better heat transfer enhance-
ment. But the closer alignment of conical strips also leads to more
increment at flow resistance. Across the whole range of Re exam-
ined, the PEC value for the case of s = 2.5 is larger than those for
the cases of s = 1.67 and 3.33. Therefore, a moderate pitch between
the strips is suggested for the practical utilizations.

3.5. Correlations based on experimental data

Correlations of the Nusselt number and friction factor devel-
oped for present results, for Re = 5000–25,000, r = 0.89 and 1,
rc = 0, 0.72 and 0.89, and s = 1.67, 2.5 and 3.33, are described as
below:
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Nu0 ¼ 0:668Re0:537Pr0:4r1:29ð1� rcÞ0:062s�0:273 ð15Þ

f0 ¼ 1:66Re�0:123r2:75ð1� rcÞ0:221s�0:87 ð16Þ

The correlation coefficients of the regressions are 0.98 and 0.97 for
Eqs. (15) and (16), respectively. The correlated data of the Nusselt
number and friction factor are compared with the experimental re-
sults, as displayed in Fig. 9a and b. The consistencies are within ±5%
for the Nusselt number and ±7% for the friction factor.

4. Conclusions

Heat transfer, flow resistance and thermo-hydraulic perfor-
mance of turbulent flow in a circular tube fitted with conical-strip
inserts of various geometrical parameters have been investigated
experimentally. The conical strip resembles one quarter of the con-
ical ring in term of its upwind area. Experimental results show that
the Nusselt number for the case with conical-strip insert is only
53–56% of that for the case with conical-ring insert, the friction fac-
tor for the former is merely 4–6% of that for the latter, and thus the
thermo-hydraulic performance can be enhanced by 36–61% if
replacing conical-ring inserts with conical-strip inserts. However,
it may be improper to reduce the upwind area of a tube insert by
cutting away its near-tube wall portion. A weakened heat transfer
and a worsened thermo-hydraulic performance were found for the
case with the conical-strip insert untouching the tube wall
(r = 0.89) as compared with the case with the conical-strip insert
in touch with the tube wall (r = 1). In contrast, cutting away the
strip portion in the core flow region can be favorable to the ther-
mo-hydraulic performance. It was found that the case with T-type
conical-strip insert of rc = 0.89 gave a higher PEC value as compared
with the case with conical-strip insert without any portion being
cut-away (r = 1) when Reynolds number was relatively large. In
addition, effects of the pitch between the conical strips have been
examined. Both the heat transfer and flow resistance were aug-
mented when the dimensionless pitch s decreased. An optimized
thermo-hydraulic performance was obtained at a moderate value
of s, which found to be 2.5 found in the present study.
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Appendix A. The detailed calculations and analysis of the
uncertainty

According to the Coleman and Steele method [27] and the ANSI/
ASME standard [28], if a parameter R is a function of some mea-
sured parameters (Xi), then the uncertainty of R is affected by
the individual uncertainties of Xi, and the absolute and relative
uncertainties of R are calculated with the equations below:

dR ¼
XN

i¼1

@R
@Xi

dXi

� �2
( )1=2

ðA1Þ

dR
R
¼

XN

i¼1

@ ln R
@Xi

dXi

� �2
( )1=2

ðA2Þ

where dR and (dR/R) represent the absolute and relative uncertain-
ties, respectively.

Applying Eqs. (A1) to Eq. (1) (please refer to the manuscript), we
can obtain the absolute uncertainties of Tm as below:
dTm ¼
1
2

dTin

� �2

þ 1
2

dTout

� �2
 !1=2

ðA3Þ

where dTin and dTout are 0.2 �C based on the accuracy of the thermo-
couples, and thus dTm = 0.14 �C. Similarly, the absolute uncertainties
of Tw can be calculated as:

dTw ¼
X9

i¼1

1
9

dTi

� �2
( )1=2

¼
X9

i¼1

Ti

9
dTi

Ti

� �2
( )1=2

ðA4Þ

where Ti is each temperature measured by the nine armored ther-
mocouples, and dTi/Ti is 1% based on their accuracies. The maximum
dTw is found to be 0.21 �C.

In present work, the physical property parameters, such as q, k,
qin, cp, and m, are calculated using the linear formula:

Y ¼ Ya þ
Yb � Ya

Tb � Ta
ðT � TaÞ ðA5Þ

where Y represents the physical property parameter, T is the
temperature at which Y is to be evaluated, Ya and Yb are the known
parameters corresponding to Ta and Tb, respectively. Then, the
absolute uncertainties of the physical parameters can be calculated
as:

dY ¼ Yb � Ya

Tb � Ta
dT

����
���� ðA6Þ

Based on the physical parameter tables and the experimental
data, the maximum absolute and relative uncertainties of q, k,
qin, cp, and m are identified as:

dq ¼ 0:057 kg m�3; dq=q ¼ 0:006%;

dk ¼ 3:5� 10�4 W m�1 K�1; dk=k ¼ 0:061%;

dqin ¼ 0:05 kg m�3; dqin=qin ¼ 0:005%;

dcp ¼ 0:13 J kg�1 K�1; dcp=cp ¼ 0:003%;

dm ¼ 0:007� 10�6 m2 s�1; dm=m ¼ 0:5%:

Applying Eq. (A2) to Eqs. (2) and (3) (please refer to the manu-
script), we can obtain the relative uncertainties of Um and Re from
(A7) and (A8), respectively.

dUm

Um
¼ dVin

Vin

� �2

þ dqin

qin

� �2

þ dq
q

� �2
 !1=2

ðA7Þ

dRe
Re
¼ dUm

Um

� �2

þ dm
m

� �2
 !1=2

ðA8Þ

where dVin/Vin is 1% based on the accuracy of the flow meter. Then,
the relative uncertainties of Um and Re are identified as: dUm/
Um = 1%, dRe/Re = 1.1%. Similarly, the relative uncertainty of f is cal-
culated as:

df
f
¼ dðDpÞ

Dp

� �2

þ dq
q

� �2

þ 2
dUm

Um

� �2
 !1=2

ðA9Þ

where d(Dp)/(Dp) is 5% based on the accuracy of the pressure differ-
ence gauge. Then, the relative uncertainties of f are identified as: df/
f = 5.4%.

The calculations for the uncertainty of Nu are deduced from
(A10), (A11), (A12), (A13), (A14):
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dQ
Q
¼ dqin

qin

� �2

þ dcp

cp

� �2

þ dVin

Vin

� �2

þ dðTout � TinÞ
ðTout � TinÞ

� �2
 !1=2

¼ dqin

qin

� �2

þ dcp

cp

� �2

þ dVin

Vin

� �2

þ dTin

ðTout � TinÞ

� �2

þ dTout

ðTout � TinÞ

� �2
 !1=2

ðA10Þ

The experimental minimum (Tout�Tin) is 9.1 �C and thus the
maximum uncertainty of Q is identified as: dQ/Q = 3.2%.

dðDTÞ
DT ¼ ðErrðTout � TinÞÞ2 þ Err In Tw�Tin

Tw�Tout

� �� �2
� �1=2

¼ ðdTinÞ2þðdToutÞ2

ðTout�TinÞ2
þ 1

In
Tw�Tin

Tw�Tout

Err Tw�Tin
Tw�Tout

� �� �2
 !1=2

ðdTinÞ2þðdToutÞ2

ðTout�TinÞ2
þ

ðdTw Þ2þðdTin Þ
2

ðTw�Tin Þ
2 þðdTw Þ2þðdTout Þ2

ðTw�Tout Þ2

� �
In

Tw�Tin
Tw�Tout

� �2

0
B@

1
CA

1=2

ðA11Þ

where Err(F) means the relative uncertainty of function F. the max-
imum value of d(DT)/(DT) is determined to be 3.7%.

dh
h
¼ dQ

Q

� �2

þ dðDTÞ
DT

� �2
 !1=2

ðA12Þ

dhi

hi
¼ ððdh

h
Þ2 þ ð bdh

1� bh
Þ2Þ1=2

¼ ððdh
h
Þ2 þ ð bh

1� bh
Þ2ðdh

h
Þ2Þ1=2

ðA13Þ

where b ¼ Di
2kw

ln Do
Di

for the convenience of derivation. kw is

42 W m�1 K�1 for the stainless steel and the maximum h is
5578 W m�2 K�1 in our experiment. Therefore, the relative uncer-
tainty of h and hi are identified as: dh/h = 4.9% and dhi/hi = 5.1%.

dNu
Nu
¼ dhi

hi

� �2

þ dki

ki

� �2
 !1=2

ðA14Þ

Finally, the maximum uncertainty of Nu is identified as: dNu/
Nu = 5.1%.
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