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Abstract

Experiments were conducted for water flowing through a varying-curvature curved-pipe inside a larger diameter

straight pipe to form a double-pipe heat exchanger with water as the working medium. The heat transfer coefficients

were obtained using the Wilson plot method. The effects of the Dean, Prandtl, Reynolds number and the curvature ratio

on the average heat transfer coefficients and the friction factors are presented. A higher Dean number results in a higher

heat transfer rate. It is found that the heat transfer rate may be increased by up to 100%, as compared with a straight

pipe, while the friction coefficient increased by less than 40%. Therefore, it is promising to use S-shaped pipes instead of

straight pipes for the performance enhancement for a heat exchanger such as a solar collector. � 2002 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Curved-pipe curvature induces a secondary flow

across the main stream that may enhance heat transfer

rate significantly [1–6]. Therefore, it should receive much

attention in the heat transfer enhancement applications.

However, literature for the study of periodically varying-

curvature curved-pipes (e.g., wavy curved-pipe) is com-

paratively very little [7–9]. The perturbation models of

[7–9] models are restricted to very small amplitude of

wavy pipes that limits its application drastically. In ad-

dition, the study of [7] only deals with the flow solution

while heat transfer is very important in applications.

This study is motivated to provide experimental data for

curved-pipe applications.

2. Experimental system

Experiments are made for measuring the heat trans-

fer and the pressure drop for water flow inside a wavy

curved-pipe with axial function y ¼ a sinðjxÞ. The geo-
metry of the pipe is illustrated in Fig. 1. The curved-pipe

is placed inside a larger circular pipe to form a double-

pipe heat exchanger.

Fig. 2 is the schematic of the experimental system.

The lower loop in Fig. 2 is the loop for hot water flowing

inside the curved-pipe, whose temperature is controlled

by the adjustment of a heater, and flow rate is controlled

by the adjustment of a valve and a centrifugal pump. The

upper loop provides the cooling water flowing through

the space between the curved-pipe and the PVC pipe,

with inlet temperature controlled by a constant tem-

perature bath and flow rate controlled by a constant

mass flow rate pump (Fasco Dizark). However, these

two flow loops are interchangeable so that either heating

or cooling of the fluid flow inside the curved-pipe can be

tested.

The test section of 1 m long, as illustrated in Fig. 3,

consists of a curved-pipe made of 9.52 mm OD copper

tube and a 56 mm OD PVC pipe insulated externally.
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The pressure drop for water flowing through the curved-

pipe is measured with a differential pressure gauge. All

temperatures are measured with RTD thermometers.

3. Analysis for data correlation

The pipe curvature at any location is

jc ¼ j2a sin jx=ð1þ j2a2 cos2 jxÞ1:5: ð1Þ

Heat transfer to the cold water in test section is

_QQc ¼ _mmcCp;cðTc;o � Tc;iÞ; ð2Þ

where _mmc is the flow rate of cold water, Cp;c is the specific
heat of the cold water. Tc;i and Tc;o are, respectively, the
inlet and the outlet temperatures of the cold water.

Similarly, heat transfer from the hot water in test section

is

_QQh ¼ _mmhCp;hðTh;o � Th;iÞ; ð3Þ

where _mmh is the flow rate of hot water and Cp;h is the
specific heat of the hot water. Th;i and Th;o are, respec-
tively, the inlet and the outlet temperatures of hot water.

The energy balance for the test section should be _QQc �

Nomenclature

A heat transfer area (m2)

a amplitude of wavy pipe (cm)

a0 dimensionless a, a=r
Cp constant pressure specific heat (kJ/kg �C)
D pipe diameter (mm)

De Dean number, Re2d
f friction factor, ðDi=LÞð2Dp=qv2Þ
h heat transfer coefficient ðW=m2 �CÞ
k conductivity (W/m �C)
L length of test section (cm)

_mm mass flow rate (kg/s)

Nu Nusselt number ¼ hD=k
P pressure (kPa)

Pr Prandtl number ¼ Cpl=k
_QQ heat transfer rate (W)

r pipe radius (cm)

Re Reynolds number ¼ qvD=l
Rwall pipe wall thermal resistance ðW �CÞ�1
T temperature (�C)
U overall heat transfer coefficient (W=m2 �C)
v velocity (m/s)

x x-coordinate

y y-coordinate

Greek symbols

DP pressure difference (N=m2)

DTlm log mean temperature difference

d curvature ratio ¼ r�jjc
j wave number of wavy pipe ¼ 2p=L ðcm�1Þ
j0 dimensionless j ¼ rj
jc curvature of curved-pipe
�jjc average curvature of wavy curved-pipe

l dynamic viscosity (N s=m2)

q density (kg=m3)

Subscripts

av average quantities

c cold

h hot

i inner

o outer

s quantities associated with the straight pipe

Fig. 1. Geometric shape of wavy curved-pipe. Fig. 2. Schematic of experimental system.
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� _QQh, or ( _QQc þ _QQhÞ ! 0, this provides a check for data

accuracy.

Averaged heat transfer rate is defined as

_QQav ¼
1

2
j _QQhj

�
þ j _QQcj

�
: ð4Þ

The corresponding overall heat transfer coefficient Uo is
defined as

_QQav 
 UoAoDTlm; ð5Þ

where Ao is the total heat transfer area, DTlm is the log
mean temperature difference (LMTD) defined as

DTlmðLMTDÞ 
 DTa � DTb
lnðDTa=DTbÞ

; ð6Þ

where

DTa 
 Th;i � Tc;o; ð7Þ

DTb 
 Th;o � Tc;i ð8Þ

with subscript ‘‘o’’ and ‘‘i’’ denoting outer and inner

surface of the wavy curved-pipe, respectively. Then the

overall heat transfer resistance can be expressed by

1

UoAo
¼ DTlm

_QQav
: ð9Þ

This overall resistance consists of three resistances in

series: the convective resistance on inner surface, the

wavy curved pipe wall conduction resistance, and the

convective resistance on outer surface of the wavy

curved-pipe. That is

1

UoAo
¼ 1

hoAo
þ Rwall þ

1

hiAi
; ð10Þ

where ho and hi are the convective heat transfer coeffi-
cients on outer and inner surface of the wavy curved-

pipe, respectively.

Parameters that affects the problem include Reynolds

number and the geometric parameters of a and j that
determine the curvature of a curved-pipe.

The inner surface heat transfer coefficient is cast into

the form

hi ¼ CiRemi
ki
Di

; ð11Þ

where m and Ci are constants to be determined. The
outer surface heat transfer coefficient can be expressed

accordingly as

ho ¼ CoRe0:8o
ko
Do

: ð12Þ

Substituting Eqs. (11) and (12) into Eq. (10), results in

1

UoAo
� Rwall ¼

1

ðCiRemi ðki=DiÞÞAi

þ 1

ðCoRe0:8o ðko=DoÞÞAo
: ð13Þ

The value of 1=UoAo can be evaluated by Eq. (9), and
Rwall can be usually neglected. Ci, m and Co are the co-
efficients to be determined. Eq. (13) can be rewritten as

Re0:8o ðko=DoÞ
Uo

¼ 1

Ci

Re0:8o ðko=DoÞAo
Remi ðki=DiÞAi

þ 1

Co
: ð14Þ

Reform Eq. (14) into a linear form

Y ¼ AX þ B; ð15Þ

where

Y ¼ Re0:8o ðko=DoÞ
Uo

;

X ¼ Re0:8o ðko=DoÞAo
Remi ðki=DiÞAi

;

A ¼ 1

Ci
; B ¼ 1

Co
:

If the value of m is assumed, experimental data can fit

Eq. (15) to determine Ci and Co. This is the well-known
Wilson plot method. However, in order to determine m,

modified Wilson plot method [10] is employed. Eq. (13)

is reformed into

CiRemi ¼ 1 1

Uo

���
� 1

ho

�
ðki=DiÞAi

Ao

�
ð16Þ

which is then expressed by

Y2 ¼ DX2 þ E; ð17Þ

where

Y2 ¼ ln 1
1

Uo

����
� 1

ho

�
ðki=DiÞAi

Ao

	�
;

X2 ¼ lnðReiÞ;

D ¼ m; and E ¼ lnCi:

Experimental data can fit Eq. (17) to determine m and

Ci. The obtained new value of m is then compared with

the assumed value of m for Eq. (15), if they are not

equal, the value of m for Eq. (15) is reassumed and the

procedure is repeated until m, Ci and Co are consistent.
Heat transfer coefficient hi is obtained thereby.

Fig. 3. Schematic of test section.
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Dimensionless parameters that affect the flow and

heat transfer of the problem including the wavy curved-

pipe amplitude, a0, wavy number, j0, the flow Reynolds

number and the Prandtl number.

4. Results and discussions

Figs. 4 and 5 illustrate the modified Wilson plot of

experimental data for various a and j, respectively, the
linearity confirms that the method developed is appro-

priate.

It is shown in Fig. 6 that heat transfer coefficient

increases with increasing j. The larger the j, the larger
the curvature as indicated in Eq. (1). A larger curvature

corresponds to a stronger secondary flow. The heat

transfer rate is enhanced therefore. The effect of a on the

heat transfer rate, shown in Fig. 7, is similar to that of j,
since increasing a also increases curvature as indicated in

Eq. (1). When j or/and a equal to zero, the wavy curved-
pipe curvature would be zero, that means the pipe

should be straight. It is clearly shown in Figs. 6 and 7,

that curved-pipe has higher heat transfer coefficient than

that of a straight pipe. Especially for Re around 3000,

the heat transfer rate is increased by 100%.

As expected, pressure drop is higher in a curved-pipe

than in a straight pipe. Figs. 8 and 9 show that friction

factor, f, increases with increasing curvature parameters

of j and a, respectively. This is owing to the higher

strength of the secondary flow corresponding to the

higher curvature. As shown, in laminar region, f equals

the theoretical value of 64=Re for a smooth pipe (a ¼ 0
or j ¼ 0). In turbulent region, data for smooth pipes are
fit well with Blasius’ [11] correlation

f ffi 0:316Re�ð1=4Þ; Re < 2� 104; ð18Þ

f ffi 0:184Re�ð1=5Þ; ReP 2� 104: ð19Þ

Dimensionless pump power can be expressed by fRe3

[12]. Figs. 10 and 11 show the effects of j and a, re-

spectively, on the heat transfer coefficient for variousFig. 5. Wilson plot for various a.

Fig. 6. Reynolds number effect on Nu for various j for heating
process.

Fig. 7. Reynolds number effect on Nu for various a for heating

process.

Fig. 4. Wilson plot for various j.
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pump power consumption. It can be seen that curved-

pipe gives net benefit (up to 100% increase) in heat

transfer rate for any fixed pump power consumption.

Data can also be presented in terms of the dimen-

sionless curvature parameters of the Dean number [2],

De, and the curvature ratio, d. Noting that the curvature
varies periodically, averaged curvature is employed in

calculation, and we find for the cooling case, the cur-

vature ratio effect is not profound, and the heat transfer

rate is almost depending on the Dean number only.

The experimental data can be correlated into the

following forms.

For turbulent flow (Re > 2000):

Nu ¼ 2:87De0:4d�0:203Pr0:386; R2 ¼ 0:85;

f ¼ 1:69De�0:159d0:488; R2 ¼ 0:95

for 2:1� 1066De6 5:5� 107, 0:050 < d < 0:096, and
4:0 < Pr < 5:2.
For laminar flow (Re < 2000):

Nu ¼ 0:185De0:325d�0:157Pr0:234; R2 ¼ 0:89;

f ¼ 739De�0:507d0:988; R2 ¼ 0:87

for 2:5� 1046De6 6� 105, 0:050 < d < 0:096, and
3:9 < Pr < 4:5.

5. Conclusions

The present study provides data and correlations for

heat transfer and flow friction in wavy curved-pipes. The

effect of the Dean, Prandtl, Reynolds number and cur-

vature ratio on the average heat transfer coefficients and

the friction factors are presented. A higher Dean number

results in a higher heat transfer rate. It is found, in the

range of the present tests, that the heat transfer rate may

be increased by up to 100%, as compared with a straight

pipe, while the friction factor increased by less than 40%.

Therefore, it is promising to use S-shaped pipes instead

Fig. 11. Pump power effect on Nu for various a for heating

process.

Fig. 10. Pump power effect on Nu for various j for heating
process.

Fig. 8. Reynolds number effect on f for various j for heating
process.

Fig. 9. Reynolds number effect on f for various j for heating
process.
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of straight pipes for enhancing heat exchanger or a solar

collector performance. Flow ranges of low Reynolds

number (Re < 600) was not tested due to incompatible
experimental setup. Revising the experimental system is

under progress and the study will be made in the near

future.
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