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Abstract

Pressure drop and heat transfer were measured in fully developed laminar flow in a pipe of inner diameter 1.07 mm

in the range of Reynolds numbers 106Re6 450. The study was performed for water and water–surfactant solution of

530 and 1060 ppm. It was shown that these surfactant solutions increase the pressure drop in adiabatic and diabatic

flows. The dependence of friction coefficients as a function of solvent Reynolds number was used to predict the ability

of certain surfactant solutions to increase drag in laminar flows.

The experimental values of the Nusselt number depend significantly on the thermal conduction through the tube

wall. They become lower than theoretically predicted for tubes heated with constant heat flux on the wall.

The heat transfer coefficients with surfactant solutions were higher than that in water flow at the same bulk velocity.

The results showed that the Peclet number is an additional parameter needed for a description of the averaged Nusselt

number in laminar pipe flow of water and surfactant solution.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent advances in semiconductor technology have

led to a significant increase in power densities encoun-

tered in micro-electronic equipment. Traditional cooling

by air is not sufficient for high heat fluxes, and other

means of thermal management must be considered.

Among these, cooling by heat transfer to single-phase

liquids flowing in small-size channels is one of the

promising directions. A number of experimental and

theoretical investigations have been performed and

published recently, concerning various aspects of this

problem. Among the subjects considered in the past, one

can mention single-phase convection heat transfer in
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small-size channels, and dependence of these phenom-

ena on the size and shape of the channels.

Small-size channels with hydraulic diameters on the

order of 0.1–1 mm have important current and potential

applications and their thermal-hydraulic characteristics

have been studied recently rather extensively [1,2]. The

classification of channels based on the hydraulic dia-

meter poses considerable challenges as these channels

are used in all three modes of heat transfer: single-phase,

evaporation and condensation. However, for the sake of

uniformity, it is desirable to have a classification scheme

that is independent of the heat transfer process occur-

ring inside the channels.

Choi et al. [3] found that measured Nusselt number

in laminar flow exhibits a Reynolds number dependence,

in contrast to the conventional prediction for fully

developed laminar flow, in which the Nusselt number is

constant. The heat transfer in channels with cross-sec-

tion of 0.6· 0.7 mm with forced convection was exper-

imentally investigated by Peng and Wang [4]. They
ed.
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Nomenclature

Cp specific heat

d pipe diameter

dh hydraulic diameter

f friction coefficient

g acceleration due to gravity

h heat transfer coefficient

I electric current

k thermal conductivity of the solid wall

l length of the test section

_m mass flow rate

N electrical power

N1 power transferred to the fluid

N2 power transferred axially through the tube

wall

N3 heat losses

DR relative value

R electric resistance of the test section

T temperature

U bulk flow velocity

Br Brinkman number,
lU 2

kDT

Gr Grashof number,
gbðTw;o � TairÞd3

o

m2
Nu Nusselt number, hdi=k
Pe Peclet number, Udi=a
Pr Prandtl number, m=a
Re Reynolds number, Udi=m

Greek symbols

a thermal diffusivity

b volumetric coefficient of expansion

D drop (difference)

e emissivity

k thermal conductivity of the fluid

l dynamic viscosity

m kinematic viscosity

q density

r Stefan–Boltzmann constant

s wall shear stress

Subscripts

air air

cr critical

f fluid

fc free convection

i inner wall of the tube

in inlet

IR infrared

me measure

o outer wall of the tube

out outlet

rad radiation

sh shear

sur surfactant

w wall

wat water

x streamwise direction
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showed that the behavior of the Nusselt number on the

Reynolds number was unusual. Weisberg et al. [5] and

Bowers and Mudawar [6] also noted that the behavior of

fluid flow and heat transfer in micro-channels, without

phase change, is substantially different from that which

typically occurs in conventionally sized channels. Peng

and Peterson [7] suggested strong effect of geometric

configuration (aspect ratio and the ratio of the hydraulic

diameter to the center-to-center distance between the

micro-channels) on the heat transfer and flow charac-

teristics in single-phase laminar flow. Qu et al. [8] re-

ported that the experimentally determined Nusselt

number in the laminar regime is lower than that pre-

dicted by numerical analysis. There is no conclusive

explanation of these observations up to now, although

some physical phenomena (surface roughness, coupling

between momentum transfer and conduction heat

transfer in the liquid, natural convection, etc.) have been

used to interpret these deviations from the heat transfer

laws in large-scale ducts.

The low Nusselt numbers in laminar flow were

attributed by Tso and Mahulicar [9,10] to the Brinkman
number. Recently the heat transfer phenomenon was

investigated by Gao et al. [11], Guo and Li [12], Qu and

Mudawar [13]. Most of experimental data were obtained

in the rectangular and trapezoidal channels or slots. This

makes the interpretation of results of these investiga-

tions more complicated.

In contrast to laminar heat transfer in water flow

through small-size channels and heat transfer in flow of

drag reduction solutions through large-scale channels

[14–21] studies on laminar flow of drag reduction solu-

tions in mini-channels have not been reported. In addi-

tion to the usual properties such as density, specific heat,

which are relatively unaffected by the presence of small

amounts of surfactant, one needs to measure of shear

viscosity and thermal conductivity in order to charac-

terize the fluid. It remains unclear which basic physical

properties are needed to adequately characterize the

drag and heat transfer of surfactants moving in mini-

channels at low Reynolds numbers.

The objective of the present study was to clarify

which parameters adequately describe the pressure drop

and heat transfer of surfactant solutions under fully
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Fig. 2. Dependence of shear viscosity of Habon G solution
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developed laminar pipe flow in a capillary tube. We

investigated also the characteristics of the pressure drop

and the heat transfer in laminar pipe flow of water and

compared experimental results to those of surfactant

solutions.

The cationic surfactant Habon G (molecular weight

500, Trade nameHoe S4089, Hoechst AG) was used. The

cation of the surfactant is hexadecyldimethil hydroxy-

ethyl ammonium and the counter-ion is 3-hydroxy-2-

naphthoate. The experiments were carried out for water–

Habon G solutions at concentration of 530 and 1060

ppm. It was shown by Zakin et al. [22,23] that although

micro-structure of Habon G was mechanically degraded

under high shear conditions, it recovered quickly––no

matter how many times it was broken up by shear.
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2. Physical properties of surfactant solutions

The measurements of the physical properties were

carried out over a wide range of temperatures and for

various concentrations. All solutions used were prepared

by dissolving the powdered surfactant in deionized

water with gentle stirring.

The shear viscosity of all surfactant solutions was

determined [24] in the temperature range 25–60 �C with

Rheometrics Fluids Spectrometer RFS II using a Cou-

ette system.

Figs. 1 and 2 show the effect of shear rate on shear

viscosity for a 530 and 1060 ppm of Habon G solutions

at different temperatures. One can see that, at low shear

rates, the shear viscosity of the Habon G solution is

significantly higher than that of clear water. The curves

come closer to one another for higher shear rates. The

magnitude of the shear viscosity as a function of the

shear rate decreases, when the temperature of the solu-

tion increases.

The thermal conductivity (Fig. 3) was measured by

Hetsroni et al. [24]. It was shown that thermal conduc-

tivity of the surfactant solutions did not differ from that

of the solvent (water). The density and specific heat were

taken to be those of the solvent, since the concentration

did not exceed 1060 ppm.
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3. Experimental

3.1. Experimental apparatus

The experimental apparatus is shown in Fig. 4a and

b. Water was flowing from the entrance tank 2 and was

supplied to the capillary tube by a peristaltic pump 3.

The flow rate was measured by weighing method using

the electronic scales 1. The tested tube of inner diameter

1.07 mm, outer diameter 1.5 mm and 0.600 m in length

was placed horizontally. It is divided into two sections.

The development section 5 is 0.245 m in length. It was

used for the flow and thermal field development. The

test section 6 of 0.335 m in length was used for collecting

the experimental data on heat transfer and pressure

drop.

The details of the experimental setup are shown in

Fig. 4b. The test section was not insulated, because the

outer temperature of the heated wall, Tw;o, was measured

by IR radiometer. On the other hand, the insulation of

small-size diameter tube is meaningful, if the critical

diameter of insulation dCR ¼ 2k=hfc is less than a tube

diameter. The estimation of the value of the critical dia-

meter of an insulation gives the magnitude of dCR ¼
13:3 mm, at the heat transfer coefficient of the free

convection is hfc ¼ 15 W/m2 K and heat conductivity of
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Fig. 4. Experimental apparatus. (a) schematic diagram of the experimental facility: (1) electronic scales, (2) entrance tank, (3) pump,

(4) contacts of power supply, (5) development section, (6) test section, (7) thermocouple for measurement of inlet fluid temperature,

(8) thermocouple for measurement of outlet fluid temperature, (9) exit tank, (10) infrared camera, (11) junction; (b) test section.
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this insulation is k ¼ 0:1 W/mK. So, in our case, a small

tube diameter (1.5 mm) without any insulation assures

much less heat losses than a thick layer of the high-

quality insulation.

The inlet and outlet of this test section were con-

nected to junctions 11. The pressures in the junctions

were measured by silicon pressure sensors with sensi-

tivity 3.3 mV/kPa and response time 1.0 ms. The mea-

sured pressure drop included also a minor loss due to a

sudden change of the cross section. The inlet and outlet

temperatures of the working fluid were measured by 0.3

mm type T thermocouples 7 and 8, calibrated with an

accuracy of ±0.1 K. The DC current was supplied by a

power supply through electrical contacts 4 to direct

heating the stainless steel tube. The flow rate of the

working fluid was controlled by adjusting the frequency

of the peristaltic pump and was measured by a weighing

method. Then the water was collected at the exit tank 9.

The temperature field on the test section surface was

recorded by Infrared radiometer 10.

The infrared radiometer used in this experiment had

a spectral band of 3.4–5 lm. The radiometer is cryo-

genically cooled, and has a temperature range of )10 to

450 �C with a sensitivity of 0.07 at 30 �C. The radiometer
has a 256 · 256 platinum silicide focal plane array

detector, which provides a superior image without the

use of mechanical scanning. Image update range is 50

Hz. Through calibration, the radiometer is very accurate

in a narrow temperature range giving typical noise

equivalent temperature difference (NETD) only, which

is less than the sensitivity. A typical horizontal resolu-

tion is 1.2 mRad or 256 pixels/line. IR dynamic range is

16 bits and digitizing resolution is 12 bits (4096 levels).

Focus range is from 20 cm to infinity.

3.2. Methodology of temperature measurement on the

heated surface

Measurement of the temperature field of micro-

object by infrared radiometer is quite difficult. The small

tube diameter allows considerable background radia-

tion. If the background has a temperature different from

that of the small-sized object, the surface temperature of

the device will have substantial error. Microscopic lenses

drastically confine the length of the tube, which can be

observed but do not eliminate completely the influence

of the background temperature. The special method

(Hetsroni et al. [25]), similar to the method of the dis-



Fig. 5. Method of wall temperature measurement: (1) test

section, (2) electrical contacts, (3) background, (4) infrared

camera.
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appearing filament at color temperature measurement,

was used to avoid the effect of the background noise.

The method is based on compensating the background

radiation by controlling its temperature to the level

equal to the measured temperature on test mini-tube

surface. This is achieved by recording the infrared data

against a background, whose temperature was main-

tained at a given value by a thermostat, Fig. 5. The

surface temperature, Tw;o ¼ Tw;IR, of the test section is

determined from the infrared image, which is recorded

by IR radiometer against the background. The back-

ground temperature, TG;IR, was also measured by the

radiometer. Both the object and the background screen

were made of the same stainless steel and were painted

by the same black paint, so that the test section and the

background had equal emissivity.

For verification of the method a series of experiments

were conducted. In these experiments the temperature of

the background was measured as by IR radiometer as

well as by calibrated, T-type thermocouples of diameter

0.3 mm. When the temperature of background was

equal to the temperature on the surface of test tube the

object temperature could be measured with accuracy

±0.3 K (95% confidence level) [25].

3.3. Data reduction

The total heat balance of the test section may be

expressed as

N ¼ N1 þ N2 þ N3 ð1Þ

where N is the power generated by Joule heating, N1 is

the power transferred to the fluid, N2 is the power con-

ducted axially by the tube wall, N3 are the heat losses.
The power generated by Joule heating was calculated

as

N ¼ I2R ð2Þ

The electric resistance of the test section was calculated

according to the wall temperature of the capillary pipe

as

RT ¼ R0½1þ aRðT � T0Þ� ð3Þ

where RT and R0 are the values of the resistance at

temperature T and T0, respectively and aR is the tem-

perature coefficient of resistivity. The initial temperature

T0 is taken as 20 �C.

The power transferred to the fluid moving in the pipe

N1 ¼ _mCpðTf;out � Tf;inÞ ð4Þ

The average Nusselt number and the average heat

transfer coefficient, hfc, for the free convection from the

horizontal tube was calculated by expression given by

Churchill and Chu [26] for 10�5 < GrPr < 1012

Nu1=2 ¼ 0:60þ 0:387
GrPr

½1þ ð0:559=PrÞ9=16�16=9

 !1=6

ð5Þ

The heat losses from the test section to the environment

due to free convection depend on the outer wall tem-

perature, Tw;o and the environmental temperature, Tair.

They were calculated as

N3;fc ¼ hfcðTw;o � TairÞpdl ð6Þ

The heat losses from the test section to the environment

due to radiation were calculated as

N3;rad ¼ erðT 4
w;o � T 4

airÞpdl ð7Þ

where e ¼ 0:95 is the emissivity of the test section, r is

the Stefan–Boltzmann constant.

N3 ¼ N3;fc þ N3;rad ð8Þ

and

N2 ¼ N � N1 � N3 ð9Þ

The heat flux q to the fluid is obtained as

q ¼ _mCpðTf ;out � Tf ;inÞ
pdl

ð10Þ

where _m is the mass flow rate, Cp is specific heat, d is

inner tube diameter and l is length of the test section.

The average values of the heat transfer coefficient is

defined as

�h ¼ q

ðT w;i � T fÞ
ð11Þ

where T w;i is the average surface temperature of the

inner tube wall and T f is the average value of the fluid
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temperature, defined as T f ¼ ðTf;in þ Tf;outÞ=2. The tem-

perature of the inner tube wall was calculated from the

temperature of the outer tube wall and the heat gener-

ated per unit of volume of an electrically heated tube

[24]. All thermophysical properties of water, needed for

evaluation of average values of Nu and Re numbers,

were determined at this average temperature.

The Reynolds number Resh ¼ Udi=msh is based on

the shear viscosity of the solution, defined as 8U=di [27].

The Reynolds number Rewat ¼ Udi=mwat is based on the

kinematic viscosity of water.

The measured pressure drop DPme accounts for the

pressure drop along the capillary tube, DP , as well as the

pressure losses associated with abrupt expansion and

contraction at the tube inlet and outlet, DPin and DPout,

respectively. An expression for the pressure drop across

the tube is

DP ¼ DPme � DPin � DPout ð12Þ

A relative pressure drop, DRðDP Þ, can be defined as

DRðDP Þ ¼ ð1� DPsur=DPwatÞ ð13Þ

where DPsur and DPwat are pressure drops of the of sur-

factant solutions and water respectively, at the same

bulk velocity.

Relative friction coefficient, DRðf Þ, can be defined as

DRðf Þ ¼ ð1� fsur=fwatÞ ð14Þ

where fsur and fwat are friction coefficients of the flow of

surfactant solutions and water (at the same Reynolds

number), respectively. The friction coefficient was cal-

culated according to the relation f ¼ 2s=qU 2, where s is

wall shear stress, i.e.

f ¼ 1

2
DP

d
l

1

qU 2
ð15Þ

Relative heat transfer coefficient, DRðhÞ
DRðhÞ ¼ ð1� hsur=hwatÞ ð16Þ

where hsur and hwat are heat transfer coefficients in the

tube at the same bulk velocity of surfactant solutions

and water, respectively.

Relative Nusselt number, DRðNuÞ

DRðNuÞ ¼ ð1� Nusur=NuwatÞ ð17Þ

where Nusur and Nuwat are the Nusselt numbers at the

same Reynolds number of surfactant solutions and

water, respectively.

3.4. Experimental uncertainty

The temperature of the heated outer wall, Tw;o, was

measured with an accuracy 0.3K (95% confidence level).

The uncertainty of the components for an estimation of

an error measurement of wall temperature was obtained
according to the standard 1995 Guide to the Expression

of Uncertainty of the Measurements (1995 GEUM) [28].

The details of calculation are presented by Hetsroni

et al. [25]. The error in determining the Nusselt number,

Nu, formed from an estimation of errors that became at

measurements of the following values: d––the diameter

of the test section; l––the length of the test section; _m––

mass flow rate; ðTout � TinÞ––difference between outlet

and inlet temperatures of the liquid; ðTwi � TfÞ––differ-
ence between the averaged value of the inner wall and

the liquid temperatures as well as an error in the mag-

nitude of the physical properties as Cp––specific heat of

water and k––thermal conductivity of water.

The error of the product fRe is

dðfReÞ=ðfReÞ ¼ ½ðdDP=DP Þ2 þ ð4dd=dÞ2 þ ðdl=lÞ2

þ ðdm=mÞ2�0:5 ð18Þ

Eq. (18) shows that the channel hydraulic diameter

measurement introduces essential error into the uncer-

tainty of the product fRe.
The error in determining the power, N , generated by

Joule heating is due to errors of measurements of both

the electric current and the electric resistance. The error

in magnitude of the power transferred to the working

fluid into the tube, N1, is due to uncertainties of flow

rate, m, specific heat of water, Cp, difference between

outlet and inlet liquid temperatures, Tout � Tin. The error

in the estimation of heat losses, N3, is due to correlations

for calculation of natural convection and radiation heat

transfer.

The error in determining N2 depends on errors of N ,

N1 and N2. Performing the error analysis according to

[28] the uncertainties in determining various parameters

in this study given in Table 1.
4. Experimental results and discussion

4.1. Dependence of the pressure drop on the bulk velocity

Drag reduction is a reduction in the pressure drop of

the turbulent flow in a pipe at the same bulk velocity (or

flow rate) due to additives, Toms [29]. We used this

terminology in the present section for both adiabatic

and diabatic laminar flow in capillary tube.

4.1.1. Adiabatic flow

A plot of the pressure drop depending on the bulk

velocity (or flow rate) in adiabatic flow is shown in Fig.

6a. The data were obtained at constant temperature of

the fluids Tf ¼ 25 �C. It can be seen, the pressure drop

for 530 and 1060 ppm Habon G solutions increases

compared to that of the solvent (water). Result of this

test shows that certain surfactant may increase the

pressure drop in adiabatic laminar pipe flow.



Table 1

Experimental uncertainties (95% confidence level)

NN Source of uncertainty Symbol Uncertainty, %

1 Diameter of the test section d 1.0

2 Length of the test section l 0.3

3 Wall temperature Tw 0.4

4 Difference between inlet and outlet temperatures of liquid Tin � Tout 2.0

5 Difference between wall and liquid temperatures Tw � Tf 3.0

6 Mass flow rate _m 3.0

7 Electrical power N 1.5

8 Power transferred to fluid N1 3.3

9 Power transferred through tube wall N2 12.5

10 Heat losses N3 12

11 Heat transfer coefficient h 13.0

12 Nusselt number Nu 13.1

13 Friction coefficient f 10.2

14 Reynolds number (based on the water properties) Re 4.5

15 Specific heat of water Cp 0.05

16 Thermal conductivity k 0.5

17 Kinematic viscosity of water m 2.1

18 Thermal conductivity of surfactant ks 4

19 Shear viscosity of surfactant msh 4

20 Reynolds number based on the shear viscosity Resh 5.5
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Fig. 6. Dependence of pressure drop on fluid bulk velocity: (a)

adiabatic flow; (b) diabatic flow.
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We also measured the temperature of the fluid at the

entrance and the exit of the test section. The outlet and

the inlet temperatures were equal within experimental

uncertainty of 0.1 K. In the present experiments, the
increase in the fluid temperature due to a viscous dissi-

pation was negligible.

4.1.2. Diabatic flow

It should be mentioned that shear viscosity depends

on the temperature of the surfactant solution. The drag

reduction and heat transfer deterioration should be

compared at the same temperature of the solution. For

this reason the pressure drop was measured in the same

range of solutions temperatures, in which the heat

transfer experiments were performed. Fig. 6b shows

pressure drop in the diabatic flow. The fluid was flowing

into the tube which was directly heated by an electric

current. The temperature of the fluid increased along the

test section approximately from 40 to 60 �C. This test

also indicates that the pressure drop for Habon G

solutions increases compared to clear water (Fig. 6b).

4.2. Dependance of the friction factor on the Reynolds

number

4.2.1. Friction factor

Most pressure drop measurements are typically

evaluated as a function of the friction factor vs. the

Reynolds number. The drag reduction phenomenon can

also be interpreted as the additives reduce the wall shear

stress. The wall shear stress and the Fanning’s friction

factor are determined by Eq. (15). Lumley [30] proposed

a definition of drag reduction in turbulent flow: drag

reduction is the reduction of friction below that of the

solvent. We applied this definition to laminar flow. The

behavior of the friction factor vs. the Reynolds number
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is often used to describe the drag reduction phenome-

non. The Reynolds number includes the kinematic vis-

cosity value. An additive of even small amount of some

surfactant to water changes the shear viscosity of the

solution (Fig. 2) relative to that of the solvent. As we

have also seen, the viscosity of the surfactant solution

depends on the shear rate, and this is one of main

problems in describing the behavior of the friction fac-

tor. Below we discuss the pressure drop measurements

evaluated as a dependence on both solution-based and

solvent-based Reynolds numbers.

4.2.2. Friction coefficients as a function of solution

Reynolds numbers

Fig. 7a and b show friction factors, f , as a function

of the Reynolds numbers, Resh, based on the shear vis-

cosity for adiabatic and diabatic flows, respectively. For

both 530 and 1060 ppm Habon G solutions the friction

factors are lower than that for a Newtonian fluid in a

pipe with smooth walls, where the friction factor is

f ¼ 16=Resh. These are some unexpected results. As it

may be concluded from Fig. 6a and b, the Habon G

solutions are not drag reducing in laminar flow.

Dependence f vs. Resh does not reflect this phenomenon.

The Reynolds number based on shear velocity is not

valid to describe drag reduction in laminar flow.

According to Lumley’s [30] definition the flows have to

be compared using the same viscosity, given by the one

of the solution. It has become customary to use the
0.1
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Fig. 7. Friction coefficients as a function of solution Reynolds

number ReSh: (a) adiabatic flow; (b) diabatic flow.
kinematic viscosity of the solvent with respect to the

definition of the friction factor as a function of the

Reynolds number [15,22,31–33].

4.2.3. Friction coefficients as a function of the solvent

Reynolds number

Fig. 8a and b show friction factors as a function of

the Reynolds numbers, Rewat, based on the water vis-

cosity for adiabatic and diabatic flows, respectively. The

line f ¼ 16=Rewat is also presented in this figure. These

Figures reflect the relation of friction coefficients to drag

reduction and one can conclude that at the same Rey-

nolds numbers higher values of friction coefficients

correspond to higher values of pressure drop.

4.2.4. Drag reduction

Fig. 9a and b show the relative pressure drop,

DRðDP Þ, plotted as a function of fluid bulk velocity, U ,

in adiabatic and diabatic flow, respectively. The data

were calculated using Eq. (13). These results (the nega-

tive values of DRðDP Þ) illustrate that in surfactant

solutions the relative pressure drop is independent of

bulk fluid velocity and it is about 50% higher than that

of clear water.

Fig. 10a and b present relative friction factor, DRðf Þ,
plotted as a function of the Reynolds number based on

shear viscosity of the solutions, Resh, in adiabatic and

diabatic flow, respectively. These data represent the

percent of drag reduction calculated using Eq. (14).

They show positive values of drag reduction, which are

depended on Reynolds number, Resh. It seems that using
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the Reynolds number based on solution properties, Resh,
leads to confusion of an interpretation of the experi-

mental data in terms of the usual drag at the same flow

rate. For example, the measurements carried out in the

present study (see Fig. 9a and b) indicate that at given

flow rate the pressure drop in Habon G solutions in-

creases, while the dependence DRðf Þ vs. Resh shows

decrease in the friction factor compared to water flow at

the same Resh.

4.3. Heat transfer in water flow

4.3.1. Average heat transfer coefficients

We studied also the behavior of the average Nusselt

number depending on the Reynolds number. These

experiments were carried out in the range of Reynolds
number Re ¼ 10–450. The dependence of the Nusselt

number, Nu, on the Reynolds number, Re, is presented

in Fig. 11.

As seen in the Fig. 11, the experimental values of Nu
are lower than the theoretical values of Nusselt number

for the tubes heated with a constant heat flux. Such a

behavior qualitatively agrees with one reported by Choi

et al. [3]. Qu et al. [8] conducted experiments to inves-

tigate heat transfer characteristics of water flowing

through trapezoidal silicon micro-channels with a

hydraulic diameter ranging from 62 to 169 lm. The

experimental results were compared with the numerical

predictions and a significant difference was found. A

comparison between the results indicated that the

experimentally determined Nusselt number is much

lower than that given by the numerical analysis. Qu et al.

[8] assumed that measured lower Nusselt numbers might

be due to the effect of surface roughness on walls of the

micro-channels. Based on the roughness–viscosity model

a modified relation was proposed to interpret the

experimental results. This model showed no Nusselt

number dependence on the Reynolds number For

100 < Re < 1400. Contrary to these findings Qu and

Mudawar [13] demonstrated that the conventional Na-

vier–Stokes and energy equations could adequately

predict the fluid flow and heat transfer in rectangular

micro-channels 231 lm wide and 713 lm deep.

Gao et al. [11] reported an increase in the Nusselt

number, Nu, with increase in the Reynolds number, Re,
measured for the smallest flow rates corresponding to

the Reynolds numbers up to about 250. The experi-

mental Nusselt numbers for all micro-channels are

approximately constant in the range 250 < Re < 1500.

Such a behavior of Nusselt numbers at low Reynolds

numbers ðRe < 250Þ was attributed by Tso and Mahu-

licar [9,10] to the Brinkman number. Our experiments

did not show substantial effect of Brinkman number

on behavior of Nusselt number in the range of

10 < Re < 450.

In general, the axial heat conduction in the channel

wall of a conventional size of channels can be neglected

because the wall thickness is usually very small compared
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to the channel diameter. Shah and London [34] found

that the Nusselt number for developed laminar flow in

the tube fall between 4.36 and 3.66, which corresponds to

Nusselt numbers for constant heat flux and constant

temperature boundary conditions, respectively. How-

ever, for flow in micro-channels, the wall thickness can be

of the same order of channel diameter and may affect the

heat transfer significantly. For example, Choi et al. [3]

reported that the average Nusselt numbers in micro-

channels with hydraulic diameters from 9.7 to 81.2 lm
were much lower than for conventional channels and

increased with increasing Reynolds number. Results of

the present study are in qualitative agreement with data

of Choi et al. [3].

The heat transfer interaction between the fluid and

solid depends on the geometrical and thermophysical

properties of the solid wall. Fig. 12a–c show the

dependence of relations N1=N , N2=N and N3=N on the

Peclet number, Pe, (where N1 is the heat transferred to

the fluid, N2 is the heat conducted axially through the

tube wall, N3 is the heat losses and N is electrical power

supplied to heat the tube). The relation of N2=N becomes

very high at low Peclet numbers. Comparison between

the results presented in Fig. 12b and those presented in

Fig. 11 allows one to conclude that the effect of thermal

conduction through the solid wall leads to decrease in

the Nusselt number. This effect decreases with increasing

in the Reynolds number.

It should be noted, that in previous experimental

investigations of heat transfer in small-size channels the

axial heat flux was neither measured nor estimated. In

general, the axial heat conduction in the channel wall

can be neglected for conventional size of channels. In

capillary tube the axial heat flux affects both the tem-

perature of the heated wall and the bulk fluid tempera-

ture distribution along the flow direction. Usually the

fluid temperature in mini-tubes was linearly interpolated

between temperatures measured at the inlet and outlet

collectors of the experimental setup. However Herwig

and Hausner [35] showed that the bulk fluid temperature

does not change linearly in the streamwise direction in

micro-channels at low Reynolds numbers.

4.4. Heat transfer in flow of surfactant solutions

4.4.1. Average heat transfer coefficients

Dependence of average heat transfer coefficient, h, on
fluid bulk velocity, U , is plotted in Fig. 13. This figure

shows that the heat transfer coefficient in surfactant

solutions is higher than in laminar pipe water flow. Fig.

14 shows relative enhancement in heat transfer coeffi-

cient DRðhÞ vs. fluid bulk velocity, U (it should be

noted, that the negative values of DRðhÞ shown in Fig.

14 correspond to an increase in the heat transfer coeffi-

cient). It can be seen from Fig. 14 that the increase in the

heat transfer coefficient does not depend of solution
bulk velocity. As the addition of surfactant macromol-

ecules to water increases the viscosity and pressure drag

in laminar pipe flows, it is quite unexpected to find that
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for heat transfer the opposite can sometimes take place.

Kostic [17] observed that some drag-reducing solutions

augmented the heat transfer in laminar flow through a

non-circular duct. They suggested that the fluid elasticity

may lead to secondary flows, which are responsible for

the increase heat in the transfer. The secondary flows

increase the pressure drops in both adiabatic and dia-

batic flows. However, in diabatic flow the total pressure

drop (due to friction and due to secondary flows) may be

smaller compared to that in adiabatic one. In this case

the common effect includes also some decrease in the

fluid viscosity with an increase in the temperature of the

surfactant solution. This tendency is shown in Fig. 9a

and b. On the other hand, it may be assumed that

macromolecules of surfactant change the flow structure

in the near wall region. It also may be responsible for the

increase in pressure drop and heat transfer.

Dependence of averaged Nusselt number, Nu, on

shear Reynolds number, Resh, is presented in Fig. 15. The

Nu vs. Resh is qualitatively similar to water behavior for

all surfactant solutions used. At given value of Rey-

nolds number, Resh, the Nusselt number, Nu, increases

with an increase in the shear viscosity. As discussed

above, the use of shear viscosity for the determination

of drag reduction is not a good choice. The heat trans-

fer results also illustrate the need of using more appro-

priate physical parameter. In particular, Fig. 15 shows

that the Nusselt number increases in laminar pipe flow

more then 10 times compared to that of water, while the

increase in the heat transfer coefficient did not exceed

60%.

Fig. 16 shows dependence of the Nusselt number on

the Peclet number. The Nusselt numbers of all solutions
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Fig. 15. Dependence of the averaged Nusselt number on the

solution Reynolds number.
are in agreement with heat transfer enhancement pre-

sented in Fig. 14. The present experiments show that the

use of the Peclet number may be considered for a

description of the experimental data in laminar pipe flow

of certain non-Newtonian fluids.
5. Conclusions

The experiments on pressure drop and heat transfer

were carried out in fully developed laminar pipe flow, in a

capillary tube, for the both water and surfactant solu-

tions of 530 and 1060 ppm Habon G. The dependence of

the pressure drop on the bulk velocity showed that these

surfactant solutions increase the pressure drop in adia-

batic and diabatic flows. An increase in the fluid tem-

perature due to viscous dissipation was not observed.

The dependence of the friction coefficients on the

solvent Reynolds was used to predict an ability of cer-

tain surfactant solutions to increase of the drag in

laminar flows. The Reynolds number based on shear

velocity is not valid to describe this phenomenon.

The experimental values of the Nusselt number in

water flow were significantly lower than theoretical

predicted for tubes heated at constant heat flux. It was

established that the effect of thermal conduction along

the solid wall leads to a decrease in the Nusselt number,

if a linear change of the fluid temperature in the flow

direction is assumed. Experiments carried out in the pipe

of inner diameter of 1.07 mm did not show substantial

effect of Brinkman number on the behavior of the

Nusselt number in the range 10 < Re < 100.

The heat transfer coefficients in Habon G surfactant

solutions were higher than that in water flow at the same

bulk velocity. The results showed that the Peclet number

is an additional parameter needed for a description of

the averaged Nusselt number in laminar pipe flow of

water and surfactant solutions.
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