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Abstract

To increase the uniformity of radial temperature pro®le for ¯uid ¯ow in square channel and consequently to enhance

the heat transfer, the use of ®lament insert is developed and investigated experimentally and numerically. The metallic

®lament of very large length-to-diameter ratio installed in the radial direction, without contacting the channel wall, will

alter the radial temperature pro®le. The numerical results for friction factor and Nusselt number are presented for a

range of Reynolds number from 200 to 1200. Both numerical and experimental results show that the convective heat

transfer is considerably enhanced by the metallic ®lament insert. It is more important that the values of performance

evaluation criterion are raised to 3±8. This implies that the advantage of present approach lies in the less additional

pressure drop while heat transfer is enhanced. Ó 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the development of modern industrial world, there

is always a pressure to reduce the capital and running

costs for heat transfer process. The need for high per-

formance thermal systems has stimulated research in-

terest in augmentation of heat transfer. This can be

stated to have the encouragement and accommodation

of high heat ¯uxes [1]. Tremendous works on heat

transfer enhancement have been conducted and a large

number of techniques for convective heat transfer en-

hancement have been developed since 1970s. These

techniques are usually segregated into two groups:

passive and active techniques [2±4].

Passive techniques cover the use of extended surfaces,

surface roughness and inserts, etc., while surface vibra-

tion, ¯uid blow or suction, and applying electric or

magnetic ®eld are named active techniques, which re-

quire external power supply. The mechanism of con-

ventional passive techniques can be attributed to the

increase of the heat transfer area and/or convective heat

transfer coe�cient. One of the following ways will result

in the rise of the heat transfer coe�cient: (a) mixing the

main ¯ow and/or the ¯ow in the near-wall region by

using rough surface, inserts, etc.; (b) reducing the ¯ow

boundary layer thickness by using o�set strip ®ns, jet

impingement, etc.; (c) creating the rotating and/or the

secondary ¯ow by using swirl ¯ow device, duct rotation,

etc.; (d) raising the turbulence intensity by using surface

roughness, turbulence promoter, etc. The main problem

for the existing techniques lies in the large additional

pressure drop associated with heat transfer enhance-

ment. This is why many highly e�cient techniques of

heat transfer enhancement have no or less practical ap-

plications.

Based on an analog between heat convection and

heat conduction, Guo et al. [5] studied the mechanism of

convective heat transfer from a second look and pro-

posed novel approaches to enhance convective heat

transfer. These novel approaches involve improving the

uniformity of velocity and temperature pro®les as well

as increasing the included angle between dimensionless

velocity and temperature gradient vectors. In the present

study, ®lament insert in the channel is developed to

improve directly the uniformity of temperature pro®le

and consequently to enhance convective heat transfer.

Both numerical and experimental studies are performed
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to examine the e�ect of ®laments on heat transfer in a

laminar channel ¯ow.

2. Increasing uniformity of temperature pro®le with

®lament insert

As mentioned previously, more additional pressure

drop will be produced to increase heat transfer rate by

traditional techniques. This is because heat transfer is

enhanced through the variation of velocity ®eld and the

consequent increase of temperature gradient at the wall

surface. The idea in this paper aims at directly improv-

ing the uniformity of temperature pro®le without or

with less change of velocity ®eld. A kind of insert

composed of metallic ®lament is proposed and investi-

gated to enhance heat transfer with less additional

pressure drop. Fig. 1 illustrates a ®lament insert channel

and de®nes its geometric variables. Filament insert is an

array of very large length-to-diameter ®laments made of

high-conductivity material. They are distributed sparsely

in the channel, vertical to each other, and perpendicular

to the ¯ow direction and wall surface. The tips of ®la-

ment are not contacted to the channel wall, with dis-

tance d. Thus, the presence of ®lament insert does not

have direct contribution to heat transfer between ¯uid

and wall. Its enhancement e�ect lies in the altered tem-

perature ®eld in its nearby region. The temperature

pro®le after ¯uid ¯owing over the high-conductivity ®l-

ament becomes more uniform and temperature gradient

near channel wall is elevated. From the view of in-

creasing uniformity of temperature pro®le in the radial

direction, the ®laments should be installed radially.

Another feature of ®lament insert is its rather small

hydraulic diameter and high volume porosity (ratio of

volume not occupied by ®laments) which can e�ectively

reduce the additional pressure drop.

3. Statement of computation problem

In the con®guration shown in Fig. 1, the cross-

section of channel and ®lament under numerical inves-

tigation is a square with hydraulic diameter of De and de,

respectively. Filaments are placed uniformly at a pitch

2S in the square channel. The ¯ow attains a periodic

fully developed character after the initial entrance re-

gion, so that the ¯ow ®eld repeats itself in an identical

fashion in successive geometrical modules formed by the

presence of the ®laments. The numerical method [6] was

used to compute the ¯ow and heat transfer character-

istics of a typical module shown in Fig. 1. Generally, the

results for the typical module in the periodic fully de-

veloped region are usually su�cient for the whole

channel, since for channels containing a large number of

®laments, the e�ect of entrance region becomes un-

important.

The present study provides 3-D numerical solutions

for a typical module. The governing equations are

written as:

ou
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Nomenclature

de hydraulic diameter of ®lament

De hydraulic diameter of the channel

f friction factor

hb average heat transfer coe�cient

L length of the channel

Nub overall Nusselt number of ®lament insert

channel

Nu0 Nusselt number of smooth channel

p pressure

PEC performance evaluation criteria

Pr Prandtl number

Q heat transfer rate per module

Re Reynolds number

S pitch of the ®laments

T temperature

Tw wall temperature

ub cross-sectional average of u

u; v;w velocity components along x-, y- and

z-coordinates

x; y; z x-, y- and z-coordinates

DTm logarithmic mean temperature di�erence

Greek symbols

d space between ®lament tip and

channel wall

km thermal conductivity of ®lament material

l dynamic viscosity of the ¯uid

q density of the ¯uid

Fig. 1. Geometry of the problem.
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In the current periodic fully developed ¯ow, the ¯uid

properties are regarded as constant and constant wall

temperature boundary condition �Tw � 100°C� is em-

ployed. The numerical solution is obtained using a grid

with 40 subdivisions in the y direction and 20 sub-

divisions in the x and z directions. The density of points

is increased near the channel wall, ®lament side, and

®lament tip due to steep gradients at these locations.

Computations are performed for di�erent Reynolds

numbers and for di�erent geometrical parameters d and

S, in which de/De is ®xed at 0.05. The heat transfer re-

sults are obtained for two values of ¯uid Prandtl num-

ber, namely Pr � 0:7 for air and Pr � 4 for water, and

three values of ®lament material heat conductivity,

namely km � 4; 40, and 400 W/(m K), corresponding to

wood, steel and copper, respectively.

The present numerical simulation provides extensive

information in terms of the ®elds of velocity, pressure

and temperature. Also, local and overall heat transfer

coe�cients have been calculated. Here, only ¯ow and

overall heat transfer characteristics are presented and

discussed. fRe=� fRe�0 and Nub/Nu0 will be used to rep-

resent the ¯ow and heat transfer characteristics, re-

spectively. It is well known that for a fully developed

laminar ¯ow in a square channel, � fRe�0 � 56:9, and

Nu0 � 2:98 under constant wall temperature condition.

Friction factor, Reynolds number and overall Nusselt

number are given by:

f � ÿ�dp=dy�D=��1=2�=qu2
b�; �6�

Re � qub=l; �7�

Nub � hbD=kf ; �8�
where the mean heat transfer coe�cient is calculated

from

hb � Q=�4D� 2S � DTm�; �9�
where Q is the heat transfer rate per module, 4D� 2S is

the heat transfer area of channel wall, and DTm is the

logarithmic mean temperature di�erence. It should be

noted that the area used in the de®nition of hb does not

include the extra area provided by the ®laments, which

do not have direct contribution to heat transport. Thus,

hb is based on the nominal area of a corresponding

smooth channel. Meanwhile, to value the heat transfer

enhancement for a given pumping power, a per-

formance evaluation criteria de®ned by PEC �
�Nub=Nu0�=�f =f0�1=3

[7] is employed.

4. Results and discussion

The temperature pro®le of ¯uid is plotted in Fig. 2. It

can be seen that the dimensionless temperature pro®le of

¯uid ¯owing over the ®lament becomes more uniform

and the temperature drop falls in the region near the

channel wall.

The results for all the cases studied are plotted in

Figs. 3±6, respectively. It can be found from these ®gures

that all the values of Nub/Nu0 and fRe=�fRe�0 are greater

than 1 which means an increase in both heat transfer

and ¯ow resistance induced by inserts. PEC > 1 indi-

cates the heat transfer enhanced for given pumping

power. It can also be observed that all the PEC curves

have a similar trend as the corresponding Nub/Nu0

curves.

The simulating values of Nub/Nu0, fRe=�fRe�0 and

PEC for d=De � 0:01, 0.025, and 0.05 are plotted in

Fig. 3. fRe=�fRe�0 curves go up with the increase of the

Reynolds number and show a weak dependence on d=De

in the range studied. This is because the tip of ®lament is

located at the near-wall region where the ¯ow velocity

is rather slow, and so, variation of d has only little

Fig. 2. Temperature pro®le of cross-section.
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Fig. 4. E�ect of S/de on ¯ow and heat transfer characteristics

�Pr � 0:7; km � 400�.

Fig. 5. E�ect of Pr on ¯ow and heat transfer characteristics

�km � 400�.
Fig. 3. E�ect of d on ¯ow and heat transfer characteristics

�Pr � 0:7; km � 400�.

Fig. 6. E�ect of km on ¯ow and heat transfer characteristics

�Pr � 0:7�.
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in¯uence on ¯ow ®eld. In addition, unlike smooth

channel, fRe are dependent on Reynolds number here.

Just the same, Nub/Nu0 increases with increasing Re.

However, compared with the neglectable e�ect of insert

on ¯ow characteristics, d=De has a great impact on

thermal characteristics, Nub/Nu0 increases with de-

creasing d=De. The reason lies in that the temperature

pro®le of ¯uid ¯owing over the ®lament becomes more

uniform as d decreases and the temperature gradient gets

more steep at the channel wall. So that, heat transfer is

enhanced accordingly. As observed from Fig. 3, Nub/Nu0

is dependent on d=De and is stronger for lower Reynolds

number. The same trends are seen for PEC curves.

Fig. 4 displays the variation of Nub/Nu0, fRe=�fRe�0
and PEC with S/de for three di�erent values of Reynolds

number. As S/de becomes very large, the behavior of

®lament insert channel approaches that of smooth

channels, fRe=�fRe�0 will approach to 1 as S/de in-

creases, while Nub/Nu0 tends to decrease with increasing

S/de, In the range of S/de studied, Nub/Nu0 decreases

more rapidly for lower Reynolds number. A similar

tendency can be observed for the PEC curves.

Fig. 5 shows the results of e�ect of ¯uid Prandtl

number. Naturally, Prandtl number does not a�ect the

¯ow resistance of ®lament insert channel. However,

Pr � 4 ¯uid has a higher Nub/Nu0 value than that of

Pr � 0:7, so that, Nub/Nu0 for Pr � 4 increases more

quickly than that for Pr � 0:7, which shows a stronger

dependence on Reynolds number for higher Prandtl

numbers. E�ect of km is illustrated in Fig. 6. Clearly, km

does not alter ¯ow ®eld. But higher Nub/Nu0 are ob-

served for higher km, and Nub/Nu0 increases rapidly for a

rather small km �km � 4� while these are approximately

independent of km for higher km (for example,

km � 40; 400) at a given Reynolds number. The thermal

conductivity of the metal is su�ciently high usually, so

that metallic ®lament insert of various thermal conduc-

tivity has no remarkable in¯uence on the heat transfer

enhancement.

5. Experimental results

Experiments were conducted for air ¯owing through

a square channel with copper ®lament insert. Since it is

very di�cult to ®x the distance d between the ®lament

tip and wall surface in manufacture and assemblage, the

contact between a few ®laments and channel wall in the

test channel is inevitable, and consequently, heat trans-

fer will exist due to heat conduction through some

contacted ®laments. The hydraulic diameters of ®lament

and channel are 0.5 and 10 mm, respectively. Pitch of the

®laments is 2.5 mm and the length of channel is 200 mm.

The sparse distribution of ®laments makes up its volume

porosity up to 99%. Schematic representation of the

experimental rig and the associated instruments are

displayed in Fig. 7. The test channel is placed horizon-

tally in a boiling water bath, in which the test channel is

about 60 mm over the boiling water surface. Channel

wall is maintained at constant temperature and assumed

to be 100°C. The test section is airproofed with only an

outlet on the top to vent steam. The whole water bath is

thermally insulated with blankets. Room air drawn by a

fan passes through valves and the ¯ow meter, then goes

through the developing section, which is a channel 1.5 m

long with the same cross-section as the test channel.

Air¯ow is vented from test section into the surrounding

environment. The inlet and outlet air temperatures and

the wall temperature are measured with thermocouples,

Fig. 7. Schematic representation of the experimental rig.

Fig. 8. Experimental and numerical results.
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while ¯ow resistance is measured with micro-pressure

manometer.

The experimental results are plotted and compared

with corresponding numerical results in Fig. 8. The

imperfect contact between ®lament tips and channel wall

is taken into account in numerical simulation for a

speci®ed d � 0:01 mm as de®ned in Fig. 1. Both exper-

imental and numerical results show the similar tendency

that, the higher the Reynolds number, the better the

e�ect of heat transfer enhancement of inserts. Exper-

imental heat transfer data are obviously higher than

numerical results. Two factors should be responsible for

this: contact of some ®lament with the wall and ¯ow

disturbance induced by ®lament. The latter one becomes

stronger when Re increases. The numerical results for

¯ow resistance agree well with the measured data, es-

pecially. For low Re, the experimental values of PEC,

are far more than 1, and indicate that the ®lament insert

channel can enhance heat transfer substantially for the

given pumping power.

6. Concluding remarks

1. Based on the concept of heat transfer enhancement

via improvement of the uniformity of temperature

pro®le rather than the change of velocity ®eld, a

metallic ®lament insert has been developed, which is

made of very large length-to-diameter ratio ®laments

normal to each other and set perpendicular to the

¯ow direction and channel wall.

2. Numerical results indicate that the temperature

pro®les of ¯uid ¯owing over the ®lament become

more uniform and the ¯uid temperature drops more

sharply near the channel wall. As a result, heat trans-

fer is enhanced.

3. The advantage of such an approach of heat transfer

enhancement lies in the fact that heat transfer is aug-

mented with less additional pressure drop. So, PEC

can be as high as up to 3±8 for Re ranging from

200 to 1200.

4. Good agreement lies between numerical and exper-

imental results of ¯ow resistance. Two factors should

be responsible for experimental heat transfer data

higher than numerical results: One is the contact of

some ®laments with the channel wall, the other is

the disturbance to the main ¯ow by inserts, both of

which are not to be taken into account in the numer-

ical simulation.
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