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Abstract

A new method is postulated to predict heat transfer coefficients with twisted tape inserts in a tube, in which the wall shea
temperature gradients are properly modified through friction coefficient correlation leading to heat transfer augmentation from the
The eddy diffusivity expression of van Driest is modified to respond to the case of the internal flows in a tube with twisted tapes for
Reynolds number corresponding to the laminar flow in tubes. The predictions from the present theory are compared with some c
available in literature for twisted tape inserts. The present theoretical results are rendered in the form of a correlation equation.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Augmentation of convective heat transfer in inter
flows with tape inserts in tubes is a well-acclaimed techni
employed in industrial practices. The state-of-the-art
passive and active heat transfer techniques is excelle
reviewed by Bergles [1]. Correlations are now availa
both for laminar and turbulent regimes in literature [2–1
Very recently, Manglik and Bergles [2,3] have presen
comprehensively their analyses in parts I and II. Th
studies are devoted respectively to the heat transfer
pressure drop correlations for laminar and turbulent regi
with twisted tapes. It can be observed from their study
the development of the correlations is based on a varie
effects included through dimensionless parameters. The
factors listed by them and included in their study are:

• increase in flow velocity due to portioning of the tube
• decrease in hydraulic diameter leading to increas

heat transfer coefficient;
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• increase in flow path due to helical path of the parti
following the configuration of the twisted tape;

• increase in the convective heat transfer due to secon
motion generated by the presence of the tape;

• the fin contribution if the tape insert is in good therm
contact with the wall of the tube.

According to them the sum total of all these effe
would enhance both heat transfer and pressure drop
at low Reynolds numbers, such asRe less than 2300
Thus, they introduced these concepts to develop correlat
However, a major influencing factor leading to enhancem
can be attributed to the intensive cross mixing of
fluid due to centrifugal motion of the particles due to t
tape twist. Consequently, the turbulent/eddy viscous fo
generated are quite intensive in the core in addition to
molecular viscous forces predominantly existing only in
proximity of the wall region. Thus, the presence of the ta
physically induces effective cross mixing even at magnitu
of Reynolds numbers that correspond to laminar regim
tubes. In an earlier paper Sarma et al. [13] modified the e
diffusivity expression of van Driest for turbulent regime
which the universal constantK is found to be a function o
pitch-to-diameter ratio of the given configuration of the ta
insert. The present article is an extension of this concep
the laminar regime. The theory developed is compared
sevier SAS. All rights reserved.
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Nomenclature

A+ constant in van Driest expression,
Eq. (1)

Cp specific heat at constant pressure . . J·kg−1·K−1

D inside diameter of the tube . . . . . . . . . . . . . . . . m
f friction coefficient
H helical pitch of the twisted tape . . . . . . . . . . . . m
h heat transfer coefficient . . . . . . . . . W·m−2·K−1

K universal constant in the van Driest expression,
Eq. (1)

k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

m flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

Nu Nusselt number,= hD/k

Pr Prandtl number,= µCp/k

R inside radius of the tube . . . . . . . . . . . . . . . . . . . m
R+ dimensionless radius
Re Reynolds number,= 4m/πDµ

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦C
T + dimensionless temperature

u velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

u∗ shear velocity . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

um mean velocity . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

u+ dimensionless velocity
y distance measured normal to the tube wall . . m
y+ dimensionless distance

Greek symbols

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

µ absolute viscosity . . . . . . . . . . . . . . . kg·m−1·s−1

τ shear stress . . . . . . . . . . . . . . . . . . . . . . . . . . N·m−2

ν kinamatic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

εm turbulent eddy viscosity . . . . . . . . . . . . . . m2·s−1

εh thermal eddy diffusivity . . . . . . . . . . . . . . m2·s−1

Subscripts

B mean bulk
c centerline
w wall
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the heat transfer data of Lecjaks et al. [14], correlation
Hong and Bergles [10], Agarwal and Rajarao [12]. Th
the satisfactory agreement between their theory and
experimental data establishes the utility of modified v
Driest’s expression as a tool in the convective heat tran
study with the tape inserts as turbulence promoters in
laminar regime as well.

This article outlines the possible application of the v
Driest’s mixing length theory to other possible types of flo
generated by some extraneous objects in the internal
systems. In the present study it is the flow with tape inse

In this context though the flow Reynolds numbers c
respond to the laminar regime, enhancement of turbule
leading to higher rates of heat dissipation from the wall
to the presence of tape. The flow might be construed as
one belonging to psuedo-laminar regime and the usage o
term laminar is a misnomer. Thus, the physics of the pr
lem is closer to the turbulent flows even whenRe < 2300.
The word laminar in the strictest sense is to be define
terms of the conditions of hydrodynamics of the flow in t
plain tube without tape insertions. Specifically the mom
tum characteristics play significant role.

Thus, the present article is a modest attempt to extrap
the mixing length theory to cases such as tape insertion
a tube for a range ofRe corresponding to laminar regime fo
internal flows in pipes.

2. Formulation and solution

The following assumptions are employed in formulat
the problem:
• The parameters as stated by Manglik and Bergles [
leading to enhancement of heat transfer are signifi
contributing to heat transfer and pressure drop in la
inar internal flows with tape inserts. Nevertheless,
influence of all these parameters except the fin eff
can be indirectly taken care byK in van Driest ex-
pression for turbulent eddy diffusivity by considerin
K = K(H/D,Re). The presence of tape induces cro
mixing and tangential component to the flow and he
the combined effect is to enhance the eddy shear in
flow.

• There are several correlations existing in the literatur
depicted in Fig. 1. It is observed that these correlati
exhibit considerable deviation with one another. For
reason it is preferred to use the recent friction factor c
relation of Kishore [11] for laminar regime with twiste
tape inserts for the high Prandtl number fluid Turbin
XT-32 in the evaluation of wall shear characterist
with inserts. The correlation is as follows:

ftape= 1.5

[
1+ D

H

]3.37

Re−0.6 (1)

Equation of Kishore [11] holds good for the range 200<

Pr < 400, 2.5< [H/D] < 20.
• The presence of the tape is ignored treating the flow

the one corresponding to an equivalent turbulent fl
in a tube in which the wall friction coefficient bein
prescribed by Eq. (1) for any given value ofRe < 3000.

• The eddy diffusivity equation of van Driest holds go
and the universal constantK in the equation can be
function of[H/D,Re] for flow with twisted tape inserts

εm = [
Ky+{1− exp

(−y+/A+)}]2∣∣∣∣du+
+

∣∣∣∣ (2)

ν dy
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Fig. 1. Comparison of friction coefficients with various analysis.
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whereA+ = 26 as suggested by van Driest for turbule
flow. K is a function of[H/D] which is to be deter
mined.
Variation of eitherK orA+ will have its influence on the
derivatives of velocity and temperature. Eq. (2) can a
be applied to the laminar flows withK being considered
as a function of the parametersRe and tape twist ratio
[H/D].

• Since the flow is considered as an equivalent throug
circular tube the shear stress variation is assumed li
across the tube, i.e.,

τ

τw
=
[
1− y+

R+

]
(3)

where

y+ = yu∗

ν

R+ = Ru∗

ν
, u∗ =

√
τw

ρ

τw = 0.5ftapeρu2
m

• The swirl flow is assumed to be thermally developed
turbulent/eddy conduction is the dominant mode.
fluids with Pr > 1 it can be considered thatεm = εh.

• The physical properties are independent of tempera
variation across the tube and hence the physical prop
variation is ignored.
r

These assumptions would enable us to formulate
problem for investigating the effect of swirl induced
temperature and velocity fields. Since an equivalent s
flow is considered in a circular tube from the assumpt
of linear shear distribution it can be shown that

du+

dy+ =
[

1− (y+/R+)

1+ (εm/ν)

]
(4)

The boundary condition is aty+ = 0, u+ = 0.
Combining Eq. (4) with the expression for eddy diffus

ity, i.e., Eq. (2) it can be shown that

du+

dy+ =
(

−1+
[
1+ 4K2y+2

{
1− y+

R+

}

×
[
1− exp

(
− y+

A+

)]2]1/2
)

×
(

2

[
Ky+

{
1− exp

(
− y+

A+

)}]2)−1

(5)

where

R+ = 1

2

[
Dum

ν

]√
ftape

2
= Re

2

√
ftape

2
(6)

Re = 4m

πDµ



824 P.K. Sarma et al. / International Journal of Thermal Sciences 42 (2003) 821–828

the

e

a
.

-
hin
s

ion

n
es
r
s
as

lues

s
n
of
adia
tion
he
ross
, the
s at
he
t the
nge

the
ess
3. Evaluation of K in van Driest expression for swirl
flow

For swirl flow generated due to tapes the value ofK in
van Driest’s mixing length expression is iterated as per
procedure outlined.

The steps are as follows:

(1) PrescribeRe,H/D and K. Calculate the value of th
average friction coefficientftapefrom Eq. (1).

(2) CalculateR+ from Eq. (6) making use of Eq. (1) for
prescribed value ofRe which should be less than 2300

(3) Solve differential equation (5) to establishu+ = u+(y+).
Hence, calculate

Re =
[

4m

πDµ

]
= 4

R+∫
0

u+
[
1− y+

R+

]
dy+ (7)

(4) Check whetherRe from step (3) is equal to the pre
scribed value in step (1). If the agreement is noted wit
limits of accuracy, the value ofK in step (1) is taken a
the correct value. Or else proper iteration onK is re-
peated tillRe of step (1) equals value ofRe of step (3).

Such computations are performed with the aid of frict
coefficient Eq. (1) for the range 300< Re < 3000. Thus, the
variation ofK in van Driest expression, i.e., Eq. (1) is show
plotted in Fig. 2. As can be seen from the plot for low valu
of [H/D] the variation inK is more significant. However fo
[H/D] > 10, the variation ofK with respect to the Reynold
number is marginal.K is approximated by the expression
follows:

K = 1.767Re−0.232
[
1+ π

(
D

H

)]2.2

(8)

Eq. (8) is accomplished by applying regression to the va
of K from the theory covering wide range of[H/D]. The
variation of eddy diffusivity is shown in Fig. 3 for variou
values of [H/D] for a given Re = 500. It can be see
that as per the model as[H/D] decreases the intensity
eddy viscosity increases due to the enhancement of r
component of velocity of the particles. Such an observa
is consistent with the model, viz., that insertion of t
tape even at low Reynolds number induces intensive c
mixing leading to enhancement of turbulent shear. Thus
inference from Figs. 2 and 3 is that the velocity gradient
the wall will be profoundly influenced at the wall due to t
presence of the tape. This result is extended to predic
heat transfer coefficient for a given tape insert for the ra
of 300< Re < 3000.
l

Fig. 2. Variation ofK with Re for 2.5< [H/D] < 10.

Fig. 3. Effect of tape twist ratio on eddy diffusivity.

4. Estimation of heat transfer coefficients

As per the assumptions the temperature field across
tube can be obtained from the following dimensionl
equation:

d

dy+

[(
1+ εm

ν
Pr

)
dT +

dy+

]
= 0 (9)

where

T + = Tw − T
Tw − Tc
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The boundary conditions are

T + = 0 aty+ = 0

T + = 1 aty+ = R+ (10)

The heat transfer coefficient can be obtained by defini
from

h = − k

(Tw − TB)

dT

dy

∣∣∣∣
y=0

(11)

Or in dimensionless form

Num = hD

k
= 2R+ dT +

dy+

∣∣∣∣
y+=0

[
Tw − Tc

Tw − TB

]
(12)

Fig. 4. Velocity profile in the wall region.

Fig. 5. Effect of tape twist ratio on temperature profile.
The temperature ratio term in Eq. (12) can be obtained f
the velocity and temperature profiles as follows

Tw − Tc

Tw − TB
=

∫ R+
0 u+[1− y+/R+]dy+∫ R+

0 u+T +[1− y+/R+]dy+ (13)

The results of the analysis are further discussed to bring
the influence of[H/D] on velocity and temperature profile
throughK in the van Driest expression in Figs. 4 and 5
can be observed from Fig. 4 that a decrease in the valu
[H/D] makes the profile flatter and uniform in the core
gion. Further, the velocity gradients become steeper in
wall region indicating increase in the wall resistance, wh
in turn leads to enhancement of friction coefficient. The
fluence of[H/D] on the temperature gradients is also fou
to be quite profound as can be seen from Fig. 5. It can
inferred that the heat flux dissipated from the wall increa
substantially with the decrease in the value of[H/D]. Thus,
as per the present model it can be seen that decrea
[H/D] indirectly supports the reasoning that increase in
tangential component of velocity due to tape insertion ma
the sub layer thinner and hence temperature gradient
substantially increased leading to enhancement of heat t
fer coefficients. Though the trends of the temperature
velocity profiles are in conformity with the physical cond
tions of flow with tape inserts further validation is taken
by comparing the theoretical predictions with some of
existing correlations in the literature.

5. Validation of the present theory

Relatively recent correlations of Hong and Bergles [1
Agarwal and Rajarao [12], and Lecjaks et al. [14] have b
chosen for comparison of the present theory forH/D = 4.8

Fig. 6. Comparison of theory with other investigators.
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Fig. 7. Comparison of theory with other investigators.

Fig. 8. Comparison of theory with other investigators.

and 9.68 andPr = 10 and 100. The theoretical predictio
are shown plotted in Figs. 6–10. Evidently, the results fr
the present analysis in these figures agree very satisfac
with the correlations of these investigators. Further,
effect of Prandtl number is shown plotted in Fig. 10 toget
with the correlations of Hong and Bergles [10] forPr =
100–200. To avoid congestion of the lines and for the s
of clarity only comparison is limited to one investigator a
obviously the effect of the Prandtl number is to increase
Nusselt number with the increase of Prandtl number. S
the agreement is found very satisfactory in all the Figs.
10, the results from theory are rendered into a dimension
correlation by applying regression to nearly 250 points fr
Fig. 9. Comparison of theory with other investigators.

Fig. 10. Effect of Prandtl number—comparison.

the theory. The regression equation for the following ran
is as follows:

2.5< H/D < 10 : 100< Re < 3000 : 5< Pr < 400

Num = 0.2036Re0.55Pr0.3[1+ D/H ]4.12 (14)

The correlation Eq. (14) from the theory is further compa
with the data of Kishore [11] and Lecjaks et al. [1
for 7 < Pr < 400 for different fluids such as water an
the lubricant Turbinol XT-32 in Fig. 11. Though it ca
be seen that the theoretical line passes through the
points it can be refined as a mean line with a scatte
±15% by regression analysis with the help of the follow
equation:
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Fig. 11. Comparison of the theory with the experimental data.

Fig. 12. Validation of the Regression equation—data of Lecjaks et al. [

Num = 0.4031Re0.46Pr1/3[1+ D/H ]2.781 (15)

Eq. (15) is the correlation equation obtained by regres
for the experimental data of Lecjaks et al. [14]. The d
points scattered around the line with deviation not more t
±10% as can be seen in Fig. 12. From the aforesai
can be seen that according to the present model kno
the momentum characteristics one can workout the
transfer characteristics with reasonable accuracy with
of the mixing length concepts with a modifications
the constantK. Possibly different flow situations can b
answered by an appropriate choice ofK looking at the
fact, for example, the same formulation yields the spe
case of pure classical laminar flow regime withK = 0, the
asymptotic value ofNu = 4.32 andK = 0.4 gives results
coinciding with the well established correlation of Dittu
Boelter equation for fully developed turbulent convecti
viz., Nu = 0.023Re0.8Pr0.4. Consequently, it can be thoug
of intuitively for the case 0< K < 0.4 might respond to
the transition from laminar to the turbulent regimes in p
convection. However, in the present caseK as given by
Eq. (8) responds to the case of special flow in tubes w
tape insertions.

6. Conclusions

The following conclusions can be arrived from the stu
undertaken.

(1) The effects of various contributory parameters exc
the fin effects enhancing the heat transfer coefficient
described by Manglik and Bergles [2,3] can be direc
assessed by takingK as a function of[H/D] in the
eddy diffusivity expression of van Driest. It might b
possible that several classes of convective probl
can be tackled through a modification of mixing leng
theory of van Driest.

(2) The laminar flow regime with tapes could be trea
successfully for a wide range of parameters 3< Pr <

400, 2.5 < H/D < 10 by considering that the rol
of eddy viscosity arising due to the presence of t
becomes more dominant over kinamatic viscosity
can be seen from the analysis that eddy viscosit
implicitly defined by the tape configuration, i.e.,εm/ν =
F [H/D,y+]. Hence, the word laminar becomes
misnomer when a tape is inserted.

(3) The theory could be rendered into a correlation Eq. (
yielding close agreement with the correlations of ot
investigators and hence it can be used as estimation
to predict enhancement of heat transfer coefficients.
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