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Abstract

This paper presents the experimental results carried out in dimpled tubes for laminar and transition flows and

completes a previous work of the authors focused on the turbulent region. It was observed that laminar flow heat

transfer through horizontal dimpled tubes is produced in mixed convection, where Nusselt number depends on both the

natural convection and the entry region. Employing water and ethylene glycol as test fluids, the following flow range

was covered: x� ¼ 10�4–10�2 and Ra ¼ 106–108.
The experimental results of isothermal pressure drop for laminar flow showed dimpled tube friction factors between

10% and 30% higher than the smooth tube ones. Moreover, it was perceived that roughness accelerates transition to

critical Reynolds numbers down to 1400. Correlations for the laminar friction factor f ¼ f ðRe; h=dÞ and for the critical
Reynolds Recrit ¼ Recritðh=dÞ are proposed. The hydraulic behaviour of dimpled tubes was found to depend mainly on
dimple height.

In mixed convection, high temperature differences in the cross section were measured and therefore heat transfer was

evaluated by a circumferentially averaged Nusselt number. Experimenal correlations for the local and the fully de-

veloped Nusselt numbers Nux ¼ Nuxðx�;RaÞ and Nu1 ¼ Nu1ðRaÞ are given. Results showed that at low Rayleigh

numbers, heat transfer is similar to the smooth tube one whereas at high Rayleigh, enhancement produced by dimpled

tubes can be up to 30%.

� 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Heat transfer enhancement through internally

roughened tubes is an interesting technique in order to

obtain more compact and efficient heat exchangers.

Tubes with artificial roughness obtained by cold rolling

the external tube surface are competitive in comparison

to performance and cost of other enhanced techniques

currently employed in turbulent flow.

There are two tube-side artificial roughness methods:

two-dimensional roughness (transverse and helical ribs,

helically corrugated and wire coil inserts) and three-di-

mensional roughness (sand-grain roughness, attached

particle roughness, ‘‘cross-rifled’’ roughness and heli-

cally dimples).

Enhanced tubes can be used for many applications

such as evaporators, condensers, oil radiators and heat

exchangers for sterilising processes. This study is centred

on improving heat exchangers used for sterilising or-

ganic fluids, through helically dimpled tubes. In these

heat exchangers the organic fluid flows through tubes

and is heated by steam or hot water flowing on the

outside. Organic fluids usually show high viscosity and

internal flow can be either laminar or turbulent at low

Reynolds numbers. Therefore the tube-side film coeffi-

cient dominates the overall heat transfer coefficient.

Integral roughness techniques are suitable in turbu-

lent flow but they are not effective in laminar flow be-

cause only the flow in the viscous boundary layer is

mixed [1]. At any rate, pressure drop and heat transfer
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design correlations for laminar flows are needed be-

cause:

• A roughened tube heat exchanger can be partially

working in the laminar region. In viscous fluids, flow

can be laminar in the entrance region where the fluid

is cold and its viscosity is high.

• An existing enhanced heat exchanger could work at

flow conditions outside from its design point.

Transition studies on dimpled tubes are needed to

predict the critical Reynolds number. Artificial rough-

ness techniques accelerate transition to critical Reynolds

numbers down to 1500. When transition occurs, heat

transfer increases suddenly and it can be up to 5 times

higher than the smooth tube value corresponding to

laminar flow.

Laminar flow heat transfer through horizontal tubes

is usually influenced by buoyancy forces. The combined

action of free and forced convection is called mixed

convection and yields to heat transfer coefficients well

above from those predicted by the constant density

analysis. The dimensionless relation between buoyancy

and viscous forces is given by Rayleigh number Ra.

Mixed convection through horizontal tubes is charac-

terised by the presence of two symmetrical recirculations

in transversal direction to the mean flow. Secondary

flow produces a heat transfer augmentation at the bot-

tom and a reduction at the top of the tube; at uniform

heat flux this implies that temperatures at the bottom are

lower than at the top of the tube.

In laminar flow, the thermal entrance region, where

the temperature profile changes axially, is usually im-

portant in comparison with the tube length. Here heat

transfer is a function of the reduced distance to the entry

given by x�.
The experimental procedure to measure tube-side

Nusselt numbers in mixed convection at laminar flows

should be designed for taking into account both the inlet

region and the free convection effects. Experimental

points should be taken at different x� of the thermally
developing region to consider its influence on Nu. More-

over, to determine the buoyancy forces influence, tests

should be carried-out in a wide range of Ra.

This paper presents the experimental results carried

out in dimpled tubes for one-phase laminar and transi-

tional flows and completes a previous work concerning

turbulent flow, published by the authors at [2]. Em-

ploying water and ethylene glycol as test fluids, the fol-

lowing flow range was covered: Re ¼ 100–100; 000,
Pr ¼ 2:5–100, x� ¼ 10�5–10�2 and Ra ¼ 106–108.
Isothermal pressure drop experiments were carried

out to study the roughness geometry influence on tube

hydraulic behaviour: friction factors and critical Rey-

Nomenclature

A heat transfer area, (pdlh) (m2)

cp specific heat of the test fluid (J kg�1 K�1)

d envelope (maximum inside) diameter (m)

h roughness height (Fig. 1) (m)

ho outside heat transfer coefficient (Wm�2 K�1)

hi inside heat transfer coefficient (Wm�2 K�1)

I intensity (A)

k thermal conductivity (Wm�1 K�1)

l length between dimples (Fig. 1) (m)

lp length of test section between pressure taps

(m)

lh length of the heat transfer section (m)

_mm mass flow rate of the test fluid (kg s�1)

p helical pitch (Fig. 1) (m)

DP pressure drop across the test section (Nm�2)

Q heat transfer rate (W)

q00 heat flux ðVI=pdlhÞ (Wm�2)

t temperature (K)

twi inside surface temperature of the wall (K)

two outside surface temperature of the wall (K)

V voltage (V)

U overall heat transfer coefficient (Wm�2 K�1)

v average velocity of the fluid (m s�1)

Dimensionless groups

f Fanning friction factor (DPd=2qv2lp)
Gr Grashof number (gbd4q00=m2k)
Nu Nusselt number (hid=k)
Pr Prandtl number (cpl=k)
Re Reynolds number (qvd=l)
Ra Rayleigh number (Gr Pr)

x� reduced length (x=d Re Pr)

Greek symbols

l dynamic viscosity (kgm�1 s�1)

m kinematic viscosity (m2 s�1)

q fluid density (kgm�3)

Subscripts

a augmented tube (dimpled tube)

b based on bulk temperature

fc forced convection

in tube inlet

out tube outlet

s smooth tube

w based on wall temperature

x local value

1 fully developed
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nolds numbers. The transition region was analysed in

both pressure drop and heat transfer experiments. A

thorough study centred in three dimpled tubes was en-

ough to determine the dimpled tubes thermal behaviour

for laminar flow.

2. Background

Three-dimensional roughness holds interest because

of the high levels of enhancement and energy efficiency

that can be obtained from its use, compared to the levels

obtained by other passive enhancement geometric forms

[1]. In fact, it turns out to be one of the best types of

surface modifications for improving heat transfer per-

formance in one phase turbulent forced convective flows.

Different types of three-dimensional roughness have

been studied:

1. Roughness produced by knurling the inner tube sur-

face: Cope [3].

2. Close-packed sand-grain-type roughness: Dipprey

and Sabersky [4], Nikuradse [5].

3. Roughness by rolling copper tubes by internal man-

drels: Takahashi et al. [6] and Cuangya et al. [7].

4. Roughness by rolling spaced protrusions on the outer

surface (dimpled tubes): Kuwahara et al. [8], Rabas

et al. [9], Olsson and Sund�een [10].

Due to manufacturing costs, only helically dimpled

tubes––for which dimples are formed by cold rolling

deformation––are actually implemented in practical

applications. Most of the above mentioned papers were

focused on the turbulent region. Experiments were done

in all cases using water or air as working fluids.

Only the paper of Olsson and Sund�een [10] was cen-
tred on the laminar-transitional region Re ¼ 500–6000.
They studied small tubes for radiators, employing air as

test fluid Pr � 0:7. Their measurements were highly in-
fluenced by the entry region. Since the flow behaviour

presented a smooth transition, both friction factor and

Nusselt number results were fitted to Re by a simple

power series correlation. To extend the validity of heat

transfer results, it was assumed that Nusselt number was

proportional to Pr1=3.
In the enhanced heat transfer literature, there are

very few experimental works covering laminar and tur-

bulent regimes simultaneously. Obot et al. [11] employed

the results from 1950 to 1962 to study the role of tran-

sition in friction and heat transfer in rough tubes and

noticed the lack of published data related to transition.

They re-analysed the experimental data of Nunner [12]

and Koch [13] on tubes with transverse ring inserts.

They observed that the roughness height was the single

most important parameter concerning on transition,

with moderate effect of pitch.

The work of Manglik and Bergles [14,15] on twisted

tapes, is an example of a complete study of an en-

hancement technique in laminar-transition-turbulent

flows for a wide range of flow conditions (different Pr

and Ra). The augmentation mechanism produced by

insert devices is completely different to the one produced

by integral roughness and therefore their results cannot

be compared with those shown in this work.

Studies on laminar and turbulent regime in spirally

fluted tubes have been carried out by several authors,

results reported by Webb [1]. Obot et al. [16] studied the

role of transition on spirally fluted tubes employing

pressure drop and heat transfer results of other investi-

gators. The transition point was clearly shown in the

friction factor results by the presence of a local mini-

mum. They assumed a Prandtl number influence on heat

transfer of Nu / Pr0:4.
To extend the use of an enhanced heat transfer

technique to any tubular heat exchanger, its thermo-

hydraulic behaviour should be known thoroughly and

with the same reliability as the smooth tube is known.

Heat exchanger designers should count on friction fac-

tor correlations f ¼ f ðReÞ in both laminar and turbulent
regime, and should know the transition point. Heat

transfer correlations should be available for laminar

flows (usually in terms of Nu ¼ Nuðx�;RaÞ) and for tur-
bulent flows (usually in terms of Nu ¼ NuðRe; PrÞ). Up to
now the laminar-transition regime in integral roughened

tubes has not been studied in detail. Normally only

turbulent flow correlations (for Re > 10; 000) are avail-
able for heat exchanger designers. Thus so they usually

avoid designing in the laminar and transition region.

3. Experimental program

3.1. Tested tubes

The experimental study was carried out on a family

of 10 enhanced tubes having dimples helically placed

(dimpled tubes). Tubes were fabricated from stainless

steel 316L plain tubes (inside diameter d ¼ 16 mm, wall
thickness e ¼ 1 mm) and were plastically deformed by
disks provided with protrusions, which were rolled on

the outer tube surface.

Fig. 1 shows a sketch of a dimpled tube, where

p stands for helical pitch; h, dimple height; and l, dis-

tance between dimples. Two non-dimensional parame-

ters have been used to define tube roughness: reduced

height h=d and dimple density d2=pl. These parameters
describing the tubes geometry are listed in Table 1.

The inside diameter d is the envelope diameter de-

fined by Bergles et al. [17] which is the maximum inside

diameter. This diameter has been used as the charac-

teristic length to obtain the non-dimensional numbers

Re, x�, Ra, Nu and f.
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Besides, a smooth tube (d ¼ 16 mm, e ¼ 1 mm) was
employed to check and to adjust the experimental set-

up. Smooth tube results have been employed to deter-

mine the enhancement produced by dimpled tubes.

3.2. Experimental facility

A sketch of the experimental set-up is shown in Fig.

2. The facility consisted in two independent circuits: the

main circuit where the test tubes were installed and the

secondary circuit used for regulation.

The main circuit consisted of a variable-speed cen-

trifugal pump, two oval wheels flowmeters and the test

section. The working fluid was pumped from an open

reservoir tank and then passed through one of the

flowmeters into the test section. There, it was heated and

returned to the tank.

Heat was added by Joule effect passing an alternating

current directly through the tube wall. A 6 KVA trans-

former was connected to the tube by cooper electrodes.

The length between electrodes defined the heat transfer

tests section lh and could be easily modified up to 4 m.
An auto-transformer was connected to the transformer

to regulate the power supply.

To keep a constant temperature in the tank, a cooling

circuit was added. The secondary circuit consisted of a

variable-speed centrifugal pump, a double-pipe heat

exchanger and an electrical heater. The fluid was cooled

by chilled water in the counterflow heat exchanger. The

electrical heater, controlled by a PID, allowed the ad-

justment of the tank temperature to the desired value.

All temperatures were measured by resistive tem-

peratures devices (RTD’s). ‘‘A’’ class RTD’s connected

by four wires to an HP 34970A Data Acquisition Unit,

ensured 0.08 �C accuracy. Fluid inlet and outlet tem-

peratures tin, tout were measured by submerged type
RTD’s. Outside wall temperature was measured at one

axial position by eight RTD’s spaced 45�. These RTD’s
were fixed on the outer surface by a high thermal con-

ductivity adhesive.

Overall electrical power added to the fluid, Q, was

calculated by measuring voltage (0–15 V) and current

(0–600 A). Fluid outlet temperature tout can be indirectly
calculated by an energy balance

Fig. 2. A schematic diagram of the experimental set-up.

Table 1

Geometry of tested tubes

Tube

no.

d

(mm)

h

(mm)

p

(mm)

l

(mm)

h=d
(–)

d2=pl
(–)

01 16.0 1.33 13.0 8.85 0.0831 2.225

02 16.0 1.58 13.1 8.99 0.0988 2.175

03 16.0 1.91 13.8 8.89 0.1194 2.085

04 16.0 1.28 14.6 8.91 0.0800 1.975

05 16.0 1.83 14.5 9.02 0.1144 1.964

06 16.0 1.59 17.2 9.02 0.0994 1.652

07 16.0 1.84 16.6 9.06 0.1150 1.700

08 16.0 1.87 16.8 8.90 0.1169 1.709

09 16.0 1.55 10.9 8.90 0.0969 2.646

10 16.0 1.64 11.4 8.76 0.1025 2.575

Fig. 1. Sketch of a dimpled tube.
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tout ¼ tin þ
Q
_mmcp

: ð1Þ

As the existing mixing chamber at the exit of the test

section was not efficient enough in laminar flows, fluid

outlet temperature tout was in all cases determined by
Eq. (1).

Pressure drop was measured along the pressure test

section (lp ¼ 5:2 m) by means of a highly accurate
pressure transmitter. Two differential pressure trans-

mitters of different full scales, assured the accuracy of

pressure drop measurements.

3.3. Experimental procedure

Uniform heat flux heat transfer and isothermal

pressure drop tests were carried out by employing water

and ethylene glycol as test fluids.

Pressure drop experiments were carried out to obtain

isothermal friction factor data. In order to assure that

measurements were taken at the fully developed region,

upstream pressure tap was located 100 diameters away

from a high curvature radius elbow. As Re depends

largely on fluid viscosity, tests were carried out with

water at 65 and 30 �C, and ethylene glycol at 55 and
30 �C, covering a continuous Reynolds range from 200

to 100,000. Isothermal fanning friction coefficients were

determined from fluid flow rate and pressure drop

measurements.

Heat transfer experiments in laminar flow were car-

ried out to determine the local tube-side heat transfer

coefficient under constant heat flux conditions.

A calibration test with no energy addition was done

for each tube in order to calibrate the RTD’s layout

resistances as well as circuit heat loss. At high flow rates,

wall temperature should be equal to fluid temperature

ðtw � tb � tin � toutÞ. Therefore the differences between
RTD’s measurements and fluid temperature are due to

the layout resistances. On the other side, at low flow

rates differences up to 3 �C between fluid inlet and outlet
temperatures were observed. A set of tests at low flow

rates with different fluid temperatures allowed to calcu-

late the heat transfer coefficient per unit length of the

main circuit.

Due to accuracy reasons, experimental measurements

were carried out with a minimum heat flux in order to

have a fluid–wall difference of temperatures higher than

5 �C. This made buoyancy effects become important,
and local Nusselt number was variable in the local sec-

tion Nux ¼ Nuðx; hÞ. A circumferential average Nusselt

number Nux was defined as

Nux ¼
d
k

q00

twiðxÞ � tbðxÞ
; ð2Þ

where q00 is the circumferential average heat flux and �ttwi
is the mean inner-wall temperature.

The circumferential average outer-wall temperature
�ttwo was calculated as the mean value of the eight wall
RTD’s measurements placed on the same section. The

number of RTD’s and their size (�0.4d), assured this
procedure to be an accurate method to determine �ttwo.
The circumferential average inner-wall temperature �ttwi
was numerically calculated by solving the steady-state

one-dimensional heat conduction equation with heat

generation in the tube wall.

Joule effect heating yields to a constant heat gener-

ation boundary condition. If the tube is properly insu-

lated and the circumferential temperature gradients are

not important, it can be assumed a uniform heat flux

boundary condition. In mixed convection, high cir-

cumferential temperature gradients are presented (1 �C/
mm), producing circumferential heat fluxes. Therefore

the radial heat flux will not be uniform. Circumferential

heat flux will increase the radial heat flux at the tube

bottom; this intensifies the secondary flow which in-

creases the heat transfer coefficient. Laminar flow film

coefficients in horizontal tubes under UHF depend on

the axial position in the thermally developing region and

on buoyancy effects in the fully developed region. Nus-

selt number correlations are usually functions of reduced

position x� and Rayleigh number Ra ðNu ¼ Nuðx�;RaÞÞ.
In the experimental facility the local tube-side heat

transfer coefficient was measured under uniform heat

flux conditions. The objective of the tests was to ob-

tain series of points to be correlated in the form ðNu ¼
Nuðx�;RaÞÞ. Therefore, both the inlet region and the
buoyancy effects have been considered.

Using water (WT) and ethylene glycol (EG), different

series of data at different flow conditions were proposed,

as shown in Table 2.

Around 200 experimental points (�40 per series)
for each tube were carried out. This enables to ob-

tain reliable correlations for both the thermally devel-

oping region ðNu ¼ Nuðx�ÞÞ and the fully developed

region ðNu ¼ NuðRaÞÞ. By combining both expres-

sions, an equation in the form ðNu ¼ Nuðx�;RaÞÞ is ob-
tained, valid for the flow range studied. The large

Prandtl number range covered (Pr ¼ 6–130) allowed
the study of the Prandtl number influence on heat

transfer.

Table 2

Series of experimental points

Series Fluid Ra x� Pr

01 WT 8:0� 106 10�3–10�2 6–7

02 WT 2:4� 107 10�3–10�2 6–7

03 EG 4:0� 106 10�4–10�2 90–130

04 EG 8:0� 106 10�4–10�2 90–130

05 EG 1:6� 107 10�4–10�2 90–130
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3.4. Experimental uncertainty

Experimental uncertainty was calculated following

Kline and McClintock [18] method based on a 95%

confidence level. Instrumentation errors were as fol-

lows: temperature, 0.08 �C; flow rate, 0.4% full scale;

differential pressure 0.075% span; intensity 0.1%

measureþ 0:04% full scale; and voltage, 0.04%

measureþ 0:03% full scale. An uncertainty of �0.5% to
q and �1% to l, cp and k was assigned to the thermo-

physical properties of the tested fluids. An uncertainty of

0.1% was allocated to the inner diameter of the test tube.

Test section length uncertainties were 5 mm for the

pressure test section and 10 mm for the heat transfer test

section.

An additional uncertainty was assigned to the cal-

culation of the circumferential average outer-wall tem-

perature �ttwo. It was assigned an uncertainty of 2.5%
(tw;up � tw;do) where tw;up is the wall temperature in the
upper point of the section and tw;do is the wall temper-
ature in the lower point of the section.

Uncertainty calculations showed maximum values of

6% for Nusselt number, 3% for friction factor, 4% for

Reynolds number, 3.5% for Prandtl number, 3.5% for

reduced length x� and 4.5% for Rayleigh number.

4. Pressure drop results

Isothermal pressure drop studies were performed for

water and ethylene glycol within the range between

Re ¼ 200 to 100,000 in one smooth tube and 10 dimpled
tubes. The measurements were taken at the hidrody-

namically developed region and are presented in non-

dimensional form as Fanning friction factor versus

Reynolds number.

The experimental set-up was adjusted and verified

through pressure drop experiments with a smooth tube.

Laminar results were compared to the analytical solu-

tion (fs ¼ 16=Re) while results in the turbulent region
were compared to Blasius equation (fs ¼ 0:0791Re�0:25).
Smooth tube friction factor results are shown in Fig. 3

or 4. An excellent agreement with the mentioned cor-

relations is observed: �3% for 95% of the experimental

data. The transition point is determined by the local

minimum located at Res;crit ¼ 2100. Friction factor re-
sults for the 10 dimpled tubes are plotted in Figs. 3 and

4. The results show that dimpled tubes accelerate the

transition point. When critical Reynolds numbers for all

the tubes were correlated, it was found that transition

point depends on roughness geometry, mainly on dimple

height (h=d), with a negligible influence of dimpled

density (d2=pl). The following correlation is proposed to
predict critical Reynolds number in dimpled tubes:

Rea;crit ¼ 340:7ðh=dÞ0:654; ð3Þ

valid for the geometric range ðh=dÞ ¼ 0:08–0:12.
Eq. (3) is not suitable at low reduced height (h=d)

values. As (h=d) decreases, the critical Reynolds number
should approach to the asymptotic value corresponding

to the smooth tube one. According to the procedure

suggested by Churchill and Usagi [20], the following

alternative correlation is proposed:

Recrit ¼ 2100½1þ 7:9� 107ðh=dÞ�6:54��0:1: ð4Þ

Pressure drop for laminar flow produced by dimpled

tubes is slightly higher than the one produced by smooth

Fig. 3. Friction factor vs. Reynolds. Tubes 01–05.
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tubes. Eq. (5) correlates the Fanning friction factor re-

sults for laminar flow of the ten dimpled tubes studied

fa ¼ fs½1þ 123:2ðh=dÞ2:2Re0:2�: ð5Þ

Friction factor augmentations between fa=fs ¼ 1:1–1:3
for laminar flows were observed, depending on rough-

ness geometry. However, turbulent flow pressure drop is

much higher in dimpled tubes than in smooth tubes

(fa=fs ¼ 2–4). Turbulent friction factor results were

analysed in detail by the authors in [2].

5. Heat transfer results

Heat transfer experiments were carried out for smooth

and dimpled tubes for laminar flow at mixed convec-

tion following the experimental procedure described at

Section 3.3. The objective of these tests was to obtain

series of experimental points to achieve correlations in

the form Nu ¼ Nuðx�;RaÞ.
Fluid properties were evaluated at bulk temperature

in the measure point, tb. In order consider fluid viscosity
variation in the heated section, experimental Nusselt

number was corrected by the widely known correction

factor ðlw=lbÞ
0:14
.

5.1. Smooth tube

Laminar heat transfer tests on a smooth tube have

been carried out to check the facility capabilities as well

as to verify the measurements uncertainties in mixed

convection. Petukhov and Polyakov [19] included one

chapter about laminar mixed convection and proposed

the following equation for the circumferential averaged

Nusselt number Nux for laminar mixed convection under
uniform heat flux conditions:

Nux ¼ Nux;fc½1þ ðRa=BÞ4�0:045; ð6Þ

where Nux;fc is the local Nusselt number in pure forced
convection given by

Nux;fc ¼ 4:36þ 1:31ðx�Þ�1=3 expð�13
ffiffiffiffi
x�

p
Þ ð7Þ

and B is a function of the reduced axial position x�

B ¼ 5:0� 103ðx�Þ�1 if x� < 1:7� 10�3;
B ¼ 1:8� 104 þ 55ðx�Þ�1:7 if x� > 1:7� 10�3:

In pure forced convection the fully developed region

begins at x� � 0:1; here Nusselt number reaches the
widely known value of Nux ¼ 4:36. However, in mixed
convection the thermally developing region is much

smaller (e.g. x� � 0:002 for Ra ¼ 4� 106). Nusselt
number at the fully developed region Nu1, shows an
asymptotic behaviour (x� ! 1, B ¼ 1:8� 104), and Eq.
(6) can be written as follows:

Nu1 ¼ 4:36½1þ ðRa=18; 000Þ4�0:045: ð8Þ

From Eq. (7) it can be deduced that, in the entry region,

the local Nusselt number is proportional to ðx�Þ�1=3. On
the other hand, Eq. (8) indicates that in the fully de-

veloped region Nux / Ra0:18.
Experimental results for laminar mixed convection

through a horizontal smooth tube were compared to

Petukhov and Polyakov [19] correlation (Eq. (6)). Figs. 5

and 6 show the series of experimental points carried

out with water and ethylene glycol, respectively. Results

in the entry region are not influenced by natural con-

vection effects. Numerical solution for laminar flow in

forced convection under uniform heat flux, shows a

Nusselt dependency on the reduced axial length of

Nu / ðx�Þ�1=3. Therefore, Nusselt number in the entry

Fig. 4. Friction factor vs. Reynolds. Tubes 06–10.
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region was correlated in the form Nux ¼ Cðx�Þ�1=3 ob-
taining

Nux;fc ¼ 1:27ðx�Þ�1=3: ð9Þ

In the fully developed region, it was found that Nusselt

numbers depended only on Rayleigh number. Results

for water and ethylene glycol at x� > 0:002 were corre-
lated by

Nu1 ¼ 0:171Ra0:185: ð10Þ

Eq. (10) can be combined with the pure forced convec-

tion asymptote (Ra ! 0, Nu1 ¼ 4:36) by the method
outlined by Churchill and Usagi [20] to yield

Nu1 ¼ 4:36½1þ ðRa=25; 000Þ0:74�0:25: ð11Þ

Eq. (11), which represents the fully developed region

(x� ! 1), can be combined with Eq. (9), which em-
bodies thermal entrance effects (x� ! 0), by the follow-

ing correlation:

Nux ¼ ðNu10x;fc þ Nu
10

1Þ0:1: ð12Þ

This equation correlates 95% of the experimental results

of water and ethylene glycol within a deviation of �6%.
In addition to the five series of the experimental

points (Table 2), some experimental measurements in

the fully developed region and different Rayleigh num-

bers were carried out. Fig. 7 shows these results as Nu1
at x� � 0:01 for water and ethylene glycol in the range
Ra ¼ 106–108. Fully developed Nusselt number results
are compared to Eq. (11) and to Petukhov and Polyakov

[19].

Fig. 5. Nux vs. x�. Smooth tube water tests.

Fig. 6. Nux vs. x�. Smooth tube ethylene glycol tests.
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These data extend the range of use of the correlations

proposed to Ra ¼ 106–108. Moreover, the asymptotic
behaviour of Nux vs. x� curve ðx� ! 0, Nux / ðx�Þ1=3 and
x� ! 1, Nux ¼ Nu1Þ allows to consider that the pro-
posed correlations are valid in the whole range of x�.

5.2. Dimpled tubes

A heat transfer study in tubes 01, 02 and 03 has been

carried out to determine the thermal behaviour of dim-

pled tubes in mixed convection. This experimental study

in three tubes was enough to characterise the dimpled

tube family for laminar and transition flow. The range of

roughness geometry was: dimple height h=d ¼ 1:3–1:9
and dimple density d2=pl � 2:1 (Table 1).
In [2], it was shown that heat transfer in turbulent flow

is highly increased up to augmentation factors of Nua=
Nus ¼ 2:5. In this work, pressure drop results showed that
dimpled tubes accelerate transition down to 1400. Heat

transfer results show transition acceleration to critical

Reynolds numbers similar to pressure drop results.

Dimpled tube results showed that natural convection

effects were of great importance in the flow behaviour.

Downstream the entry region, wall temperature mea-

surements were much higher close to the upper genera-

trix than in the region near to the lower generatrix.

Circumferential temperature variations up to 20 �C were
measured. The measuring section consisted on 8 RTD’s

spaced 45� and 0.4d wide. The outer tube wall was

completely surrounded by the set of RTD’s. This as-

sured a properly averaged wall temperature. In the same

way, the RTD’s size averaged the punctual temperature

variations induced by the dimples.

Dimpled tubes behaviour in laminar heat transfer is

similar to the smooth tube one. Thus, heat transfer is

evaluated by the circumferential average Nusselt num-

ber that depends on entry region (x�) and buoyancy
forces (Ra).

Figs. 8 and 9 show, as an example of the measure-

ments, heat transfer experimental results from Tube 02.

Results are presented in terms of Nua vs. x� for the dif-
ferent Rayleigh numbers, using water and ethylene gly-

col as working fluids. Experiments were carried out

following the same procedure as for the smooth tube

tests. The flow range studied was x� ¼ 10�4–10�2 and
Ra ¼ 4–24� 106. A Prandtl number range of Pr ¼
6–130, made possible to determine its influence on heat

transfer.

Heat transfer in the thermally developing region was

not influenced by natural convection. Experimental

measurements that presented temperature wall differ-

ences lower than 1 �C were supposed to belong to the
entry region. It is observed that when they are plotted as

Nua vs. x�, the tendency follows the smooth tube trend.
An expression of the type Nux ¼ Cðx�Þ�1=3 was used to
correlate the pure forced convection points. The fol-

lowing correlation which is valid for all three dimpled

tubes was proposed:

Nux;fc ¼ 1:22ðx�Þ�1=3: ð13Þ

The Nusselt number in pure forced convection for the

dimpled tubes is around 4% lower than in the smooth

tube. Dimples increase pressure drop and consequently

the energy added to the fluid. This results in an accel-

eration of the thermal profile development. Thus, the

thermally developing region is shorter and the Nusselt

number decreases faster. Water and ethylene glycol re-

sults in the fully developed region ðx� > 0:002Þ were
correlated using a particular statistical regression for

each tube. By applying Churchill and Usagi [20] method,

these correlations are combined to the smooth tube

Fig. 7. Nu1 vs. Ra. Smooth tube.
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solution in pure forced convection (Nu1 ¼ 4:36 for
Ra ! 0) to give

Tube 01 Nu1 ¼ 4:36½1þ ðRa=62; 500Þ0:936�0:25; ð14Þ

Tube 02 Nu1 ¼ 4:36½1þ ðRa=63; 500Þ0:930�0:25; ð15Þ

Tube 03 Nu1 ¼ 4:36½1þ ðRa=56; 500Þ0:947�0:25: ð16Þ

Results show a negligible influence of tube roughness on

heat transfer for laminar mixed convection flow. In fact,

differences among results of different geometries are in

the range of experimental facility uncertainty. The fol-

lowing equation is proposed to correlate the Nusselt

number at the fully developed region:

Nu1 ¼ 4:36½1þ Ra=67; 000�0:24: ð17Þ

This equation correlates 95% of the experimental results

within a 6% deviation. When the thermally developing

region is relatively small in comparison to the heat ex-

changer length, the fully developed Nusselt number Nu1
is assumed to be the mean Nusselt number and be cal-

culated by Eq. (17).

It is convenient to develop a unique equation valid

for the whole range of x� and Ra that can be easily

implemented in a computer program. By using once

more the Churchill and Usagi [20] method, both corre-

lations of the fully developed region (Eqs. (14)–(16)),

and the thermally developing region (Eq. (13)) can be

combined by the following correlation:

Nux ¼ Nu
10

x;fc þ Nu
10

1

� �0:1
; ð18Þ

valid for the experimental studied range.

Fig. 9. Nux vs. x�. Tube 02 ethylene glycol tests.

Fig. 8. Nux vs. x�. Tube 02 water tests.
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Following the same procedure than the one used in

the smooth tube, some additional experimental mea-

surements in the fully developed region (x� � 0:01) and
different Rayleigh numbers (Ra ¼ 106–108) were carried
out for all tubes. Fig. 10 shows, as an example of the

measurements, Nu1 results for Tube 02. These results

are compared to the correlation previously developed

(Eq. (16)) and to Petukhov and Polyakov [19] equation.

These data extend the range of Eqs. (14)–(18) to

Ra ¼ 106–108. Moreover, the asymptotic behaviour of
Nux vs. x� allows the use of the equations for any value
of x� with a reasonable level of accuracy.
Fig. 11 plots Nu1 correlations developed for the

smooth and the three dimpled tubes. It is observed

that the slope of the curves is relatively different in

dimpled tubes (Nu / Ra0:235) that in the smooth tube
(Nu / Ra0:185).
Heat transfer augmentation produced by dimpled

tubes in the fully developed region is shown in Fig. 12.

Heat transfer in mixed convection through horizontal

tubes is much higher than in pure force convection. The

gravity body force produces two recirculations in

transversal direction to the main flow. This secondary

flow is mainly induced by the buoyancy forces resulting

from the high temperature gradients near the wall. At

low Rayleigh numbers, the secondary flow is weak and it

can be diminished or decelerated by dimples. This will

reduce the heat transfer coefficient. At high Rayleigh

numbers, the secondary flow is well established and

dimples increase the heat transfer.

Fig. 10. Nu1 vs. Ra. Tube 02 results.

Fig. 11. Correlations proposed for Nu1.
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6. Overall heat transfer results

This paper presents the experimental results carried

out in dimpled tubes for laminar and transition flows

and completes the previous work of the authors [2]

centred on the turbulent region. Heat transfer results for

laminar, transition and turbulent flows, have been pre-

sented together in terms of Nu vs. Re; Figs. 13–16 show

results for the smooth tube and dimpled tubes 01, 02 and

03. Flow conditions covered were: in laminar flow

Re ¼ 100–Recrit, Ra ¼ 3:4–15� 106 and in turbulent flow
Re ¼ Recrit–100; 000, Pr ¼ 2:9–92.

Nusselt number results in laminar mixed convection

should be correlated in the form Nux ¼ Nuxðx�;RaÞ.
However, in order to study transition at heating condi-

tions, laminar Nusselt number results are presented in

the form Nux ¼ NuxðRe;RaÞ. These results correspond to
the measurements at a section located at x=d ¼ 100
where the flow is fully developed.

Turbulent flow results for the whole dimpled tubes

family were correlated in [2] by using an equation in the

form Nu ¼ NuðRe; PrÞ.
At low Reynolds, laminar flow Nusselt number in

dimpled tubes shows a constant value depending on Ra.

Fig. 12. Heat transfer augmentation vs. Ra. Dimpled tubes.

Fig. 13. Complete heat transfer results. Smooth tube.
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Fully developed Nusselt numbers for each dimpled tube

were correlated by Eqs. (14)–(16). At Reynolds numbers

from Re � 700 to Recrit, Nusselt number rises. It was
established that this change in the asymptotic behaviour

was produced by the viscosity reduction in the boundary

layer when heat was applied and not by entrance region

effects ðRe / ðx�Þ�1Þ.

Figs. 14–16 show that transition point does not de-

pend apparently on Rayleigh (heat flux) and it appears

at the same critical Reynolds number as it was observed

at the isothermal pressure drop measurements. When

flow becomes turbulent, heat transfer increases suddenly

and it is up to 5 times higher than the smooth tube value

corresponding to laminar flow. At the turbulent region,

Fig. 14. Complete heat transfer results. Tube 01.

Fig. 15. Complete heat transfer results. Tube 02.
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dimpled tubes present heat transfer augmentations up to

250% at low Reynolds numbers.

7. Conclusions

1. Pressure drop experimental results in ten dimpled

tubes for laminar flow were reduced and a correlation

in the form fa ¼ faðRe; h=dÞ, valid for Re < Recrit and
h=d < 0:12 was proposed. Friction factor augmenta-
tions up to 30% were observed depending mainly

on dimple height.

2. It was observed that dimpled tubes accelerate transi-

tion to critical Reynolds numbers down to 1400.

A correlation for determining the critical Rey-

nolds number was proposed in the form Recrit ¼
Recritðh=dÞ valid for h=d < 0:12.

3. An experimental heat transfer investigation on three

dimpled tubes was enough to study the dimpled tubes

performance in the laminar region. Dimpled tubes pre-

sent a similar behaviour than the smooth tube; heat

transfer is produced in mixed convection where both

entrance region and buoyancy effects are important.

Results for each tube were reduced and correlated

by equations of the type Nux ¼ Nuxðx�;RaÞ. Heat
transfer augmentation depends on Rayleigh number;

at high Rayleigh numbers, Nu augmentations up to

30% were obtained whereas at low Rayleigh numbers,

Nusselt number was even lower.

4. Measurements were carried out at different Prandtl

numbers (Pr ¼ 6–130) and it was obtained that Nus-
selt number dependence on Pr and Gr is the same.

Therefore it is possible to correlate Nusselt number

as a function of an unique non-dimensional parame-

ter ðNu ¼ f ðRaÞÞ.
5. The present study on a dimpled tube family for Lam-

inar and transition flows comes to complete the au-

thors’ previous work [2] focused on the turbulent

region. The family of dimpled tubes with similar ge-

ometry to those which have been studied in the cur-

rent work has been completely characterised. The

proposed correlations for pressure drop and heat

transfer can be directly used for design purposes, with

a high level of accuracy and under a wide range

of flow conditions: Re ¼ 100–100; 000, Pr ¼ 2:5–100,
x� ¼ 10�5–10�2 and Ra ¼ 106–108.
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