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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 shear and the
temperature gradients are properly modified through friction coefficient correlation leading to heat transfer augmentation from the tube wall.
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 ranges of
Reynolds number corresponding to the laminar flow in tubes. The predictions from the present theory are compared with some correlations
available in literature for twisted tape inserts. The present theoretical results are rendered in the form of a correlation equation.
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1. Introduction e increase in flow path due to helical path of the particle
following the configuration of the twisted tape;

e increase in the convective heat transfer due to secondary
motion generated by the presence of the tape;

o the fin contribution if the tape insert is in good thermal
contact with the wall of the tube.

Augmentation of convective heat transfer in internal
flows with tape inserts in tubes is a well-acclaimed technique
employed in industrial practices. The state-of-the-art on
passive and active heat transfer techniques is excellently
reviewed by Bergles [1]. Correlations are now available
both for laminar and turbulent regimes in literature [2—18].
Very recently, Manglik and Bergles [2,3] have presented
comprehensively their analyses in parts | and Il. Their

According to them the sum total of all these effects
would enhance both heat transfer and pressure drop even
at low Reynolds numbers, such && less than 2300.
Thus, they introduced these concepts to develop correlations.

studies a;e devotecli r_espe}ctnllely_ to thed he?)t Itransfer_ an owever, a major influencing factor leading to enhancement
pressure drop correlations for laminar and turbulentregimes ., po ayributed to the intensive cross mixing of the

with twisted tapes. It can be observed from their study that fluid due to centrifugal motion of the particles due to the
the development of the correlations is based on a variety Oftape twist. Consequently, the turbulent/eddy viscous forces
effects included through dimensionless parameters. The fivegenerated are quite intensive in the core in addition to the
factors listed by them and included in their study are: molecular viscous forces predominantly existing only in the
proximity of the wall region. Thus, the presence of the tape
physically induces effective cross mixing even at magnitudes
of Reynolds numbers that correspond to laminar regime in
tubes. In an earlier paper Sarma et al. [13] modified the eddy
diffusivity expression of van Driest for turbulent regime in
—_— ) which the universal constaiif is found to be a function of
(E:_Orglsgggrgﬁirﬁ;‘apu" ela@hotmail.com (P.K. Sarma) pitch-to-diameter ratio of the given configuration of the tape

tsmanyam77@hotmail.com (T. Subramanyam), vdharmarao@yahoo.com INsSert. The present article is an extension of this concept to
(V.D. Rao), skakac@miami.edu (S. Kakac). the laminar regime. The theory developed is compared with

e increase in flow velocity due to portioning of the tube;
e decrease in hydraulic diameter leading to increase in
heat transfer coefficient;
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Nomenclature

AT constant in van Driest expression, u VeloCity ... st
Eq. (1) u* shearvelocity ..................ooe.. et

Cp specific heat at constant pressure :kgJ'-K—1 U mean velocity .................iinnn. gt

D inside diameter of thetube ................ m ut dimensionless velocity

f friction coefficient y distance measured normal to the tube wall .. |m

H helical pitch of the twisted tape .. .......... m y* dimensionless distance

h heat transfer coefficient ......... WK1 Greek symbols

K universal constant in the van Driest expression, _ 3

density.........ooiiiii kg~

Ea. (1) absolute viscosit kg ls?

k thermal conductivity ............ wh—1.K-1 H Yo )

1 T shearstress...................oouu: N
m flowrate ................... ...l s . L . 1
v kinamatic viscosity ..................
Nu Nusselt numbee- 2D/ k . . P
Pr Prandtl number= ;Cy/k Em turbulent eddy viscosity .............. ;]
— Hp P thermal eddy diffusivity .............. -1

R inside radius of thetube................... m " _ y y

R* dimensionless radius Subscripts

Re Reynolds numbet: 4m /7 Du B mean bulk

T temperature . ... °C c centerline

T+ dimensionless temperature w wall

the heat transfer data of Lecjaks et al. [14], correlations of
Hong and Bergles [10], Agarwal and Rajarao [12]. Thus,

the satisfactory agreement between their theory and the
experimental data establishes the utility of modified van

Driest's expression as a tool in the convective heat transfer
study with the tape inserts as turbulence promoters in the
laminar regime as well.

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

In this context though the flow Reynolds numbers cor-

respond to the laminar regime, enhancement of turbulence
leading to higher rates of heat dissipation from the wall due
to the presence of tape. The flow might be construed as the
one belonging to psuedo-laminar regime and the usage of the
term laminar is a misnomer. Thus, the physics of the prob-
lem is closer to the turbulent flows even whiea < 2300.

The word laminar in the strictest sense is to be defined in
terms of the conditions of hydrodynamics of the flow in the
plain tube without tape insertions. Specifically the momen-
tum characteristics play significant role.

Thus, the present article is a modest attempt to extrapolate
the mixing length theory to cases such as tape insertions in
a tube for a range d®e corresponding to laminar regime for
internal flows in pipes.

2. Formulation and solution

The following assumptions are employed in formulating
the problem:

e The parameters as stated by Manglik and Bergles [2,3]

leading to enhancement of heat transfer are significant
contributing to heat transfer and pressure drop in lam-
inar internal flows with tape inserts. Nevertheless, the
influence of all these parameters except the fin effects
can be indirectly taken care b in van Driest ex-
pression for turbulent eddy diffusivity by considering
K = K(H/D,Re). The presence of tape induces cross-
mixing and tangential component to the flow and hence
the combined effect is to enhance the eddy shear in the
flow.

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

D 3.37

Equation of Kishore [11] holds good for the range 200
Pr <400, 25 < [H/D] < 20.

e The presence of the tape is ignored treating the flow as

the one corresponding to an equivalent turbulent flow
in a tube in which the wall friction coefficient being
prescribed by Eqg. (1) for any given valueRéd < 3000.
The eddy diffusivity equation of van Driest holds good
and the universal constaikt in the equation can be a
function of[ H/ D, Re] for flow with twisted tape inserts.

|
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Fig. 1. Comparison of friction coefficients with various analysis.

whereA™ = 26 as suggested by van Driest for turbulent ~ These assumptions would enable us to formulate the
flow. K is a function of[H /D] which is to be deter-  problem for investigating the effect of swirl induced on
mined. temperature and velocity fields. Since an equivalent swirl
Variation of eitherk or A™ will have its influence onthe  flow is considered in a circular tube from the assumption
derivatives of velocity and temperature. Eq. (2) can also of linear shear distribution it can be shown that

be applied to the laminar flows witki being considered

as a function of the parametdRe and tape twist ratio % = [71 _ (y+/R+)] (4)

[H/D). dy* 1+ (em/v)

Since the flow is considered as an equivalent through a o .

circular tube the shear stress variation is assumed linear he boundary condition is at" = 0, u™ =0.

across the tube, i.e., Combining Eq. (4) with the expression for eddy diffusiv-
ity, i.e., Eq. (2) it can be shown that

T yt

—=|1-2 3

o R du™ 2. 42 y*
- _ |- + _ 2

where e ( 1+|:1+4K y {1 R+}

. y+ 291/2
yu — _Z
yt= . x[l exp( e } )

Tw= 0~5ftap60”r2n where

The swirl flow is assumed to be thermally developed and

turbulent/eddy conduction is the dominant mode. For p+ _ }[%} | fape _ R | frape (6)
fluids with Pr > 1 it can be considered that, = ¢,. 2L v 2 2 2

The physical properties are independent of temperature

variation across the tube and hence the physical propertyge — dm
variation is ignored. wDu
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. . . . . 4.0
3. Evaluation of K in van Driest expression for swirl A*=26
flow 35+
3.0

For swirl flow generated due to tapes the valuekofn
van Driest's mixing length expression is iterated as per the
procedure outlined.

The steps are as follows:

25

20 F

K, Universal constant

(1) PrescribeRe, H/D and K. Calculate the value of the
average friction coefficienfiape from Eqg. (1).

15

(2) CalculateR™ from Eq. (6) making use of Eq. (1) for a 10F

prescribed value dRe which should be less than 2300.
(3) Solve differential equation (5) to establish = u™(y™). 051

Hence, calculate

0.0 PR L L | L L L P TR R L L
R+ 500 1000 1500 2000 2500
Re— [4—'"} =4/ ut [1— ﬂ} dy* @) e
mDp 0 Rt Fig. 2. Variation ofk with Refor 2.5 < [H/D] < 10.

(4) Check whetheRe from step (3) is equal to the pre- 60

scribed value in step (1). If the agreement is noted within
limits of accuracy, the value of in step (1) is taken as
the correct value. Or else proper iteration &nis re-
peated tillRe of step (1) equals value &e of step (3).

H/D=2.5

Such computations are performed with the aid of friction
coefficient Eq. (1) for the range 3G0Re < 3000. Thus, the
variation of K in van Driest expression, i.e., Eq. (1) is shown
plotted in Fig. 2. As can be seen from the plot for low values
of [H /D] the variation inK is more significant. However for
[H/D] > 10, the variation ok with respect to the Reynolds
number is marginalk is approximated by the expression as
follows:

D 2.2
K= 1.767Re‘0'232[1 +7 (ﬁ)} (8)

Eq. (8) is accomplished by applying regression to the values
of K from the theory covering wide range off/D]. The
variation of eddy diffusivity is shown in Fig. 3 for various
values of [H/D] for a given Re = 500. It can be seen
that as per the model 4¢1/D] decreases the intensity of
eddy viscosity increases due to the enhancement of radial
component of velocity of the particles. Such an observation
is consistent with the model, viz., that insertion of the
tape even at low Reynolds number induces intensive cross
mixing leading to enhancement of turbulent shear. Thus, the ¢ Em dr+
inference from Figs. 2 and 3 is that the velocity gradients at g, + [(1"‘ 7Pr> }
the wall will be profoundly influenced at the wall due to the

presence of the tape. This result is extended to predict thewhere

heat transfer coefficient for a given tape insert for the range W Tw—T

of 300< Re < 3000. ™=

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

4. Estimation of heat transfer coefficients

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

dyt

0 C)

Tw — Te
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The boundary conditions are

TT=0 aty™=0

10
TH=1 aty"=R" (10)

The heat transfer coefficient can be obtained by definition
from

k dr
h—— (11)
(TW - TB) dy y=0
Or in dimensionless form
hD dr+ Tw— T
Nu, = — =2RT—— w-c (12)
Re=500
6 B
~'8

008 010 013 0.15 0.18 0.20

n=(y'R")

Fig. 4. Velocity profile in the wall region.

Re =500

0.0

0.2 0.4 0.6 0.8
n=y/R"

Fig. 5. Effect of tape twist ratio on temperature profile.

825

The temperature ratio term in Eq. (12) can be obtained from
the velocity and temperature profiles as follows

Tw—To _ JE 1=y R ] dyt
Tw=Te [ uwtT+[1—y*/R*]dy+

The results of the analysis are further discussed to bring out
the influence of H/ D] on velocity and temperature profiles
throughK in the van Driest expression in Figs. 4 and 5. It
can be observed from Fig. 4 that a decrease in the value of
[H /D] makes the profile flatter and uniform in the core re-
gion. Further, the velocity gradients become steeper in the
wall region indicating increase in the wall resistance, which
in turn leads to enhancement of friction coefficient. The in-
fluence off H/ D] on the temperature gradients is also found
to be quite profound as can be seen from Fig. 5. It can be
inferred that the heat flux dissipated from the wall increases
substantially with the decrease in the valu¢ 8% D]. Thus,

as per the present model it can be seen that decrease in
[H /D] indirectly supports the reasoning that increase in the
tangential component of velocity due to tape insertion makes
the sub layer thinner and hence temperature gradients are
substantially increased leading to enhancement of heat trans-
fer coefficients. Though the trends of the temperature and
velocity profiles are in conformity with the physical condi-
tions of flow with tape inserts further validation is taken up
by comparing the theoretical predictions with some of the
existing correlations in the literature.

(13)

5. Validation of the present theory

Relatively recent correlations of Hong and Bergles [10],
Agarwal and Rajarao [12], and Lecjaks et al. [14] have been
chosen for comparison of the present theoryfotD = 4.8

102
H/D =9.68

— Present theol
Pr=10 i

— - Equation of Lecjaks et al. [14]

— — Equation of Hong and Bergles [10]

— —- Equation of Agarwal and Raja Rao [12]

Nu

10! L ) L L R
102

Re

Fig. 6. Comparison of theory with other investigators.



826 PK. Sarma et al. / International Journal of Thermal Sciences 42 (2003) 821-828

102
L H/ID=968 ~ H/D =4.82
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102 -
2 2
— Present theory — Present theory
— - Equation of Lecjaks et al.[14] —— - Equation of Lecjaks et al. [14]
— — Equation of Hong and Bergles [10] — — Equation of Hong and Bergles [10]
—— - Equation of Agarwal and Raja Rao [12] ——- Equation of Agarwal and Raja Rao [14]
L L L L T
10! . . T . 10°
0 108 102 10°
Re Re
Fig. 7. Comparison of theory with other investigators. Fig. 9. Comparison of theory with other investigators.
T T T
102 ] 1021 HID=4.9 2 |
I HID=4.82 3 — Pr=100 /;’1
Pr=10 L
=]
z
=]
z L
— Present theory
— - Equation of Lecjaks et al.[14] 1 - Present theory
" Equation of Hong and Bergles [10] 2 - Correlation eqn. of Hong and Bergles [10]
- EquationOngarwalandRajaRao[lZ] 101 1 1 Lol 1 L o111l L L IR R N
| 10! 102 108 104
101 i L Il L L L L 1
102 108

Re
Re . .
Fig. 10. Effect of Prandtl number—comparison.
Fig. 8. Comparison of theory with other investigators.

and 9.68 andPr = 10 and 100. The theoretical predictions the theory. The regression equation for the following ranges
are shown plotted in Figs. 6—10. Evidently, the results from is as follows:

the present analysis in these figures agree very satisfactorily> 5 - f7/p < 10:100< Re < 3000:5< Pr < 400

with the correlations of these investigators. Further, the _ ] )

effect of Prandtl number is shown plotted in Fig. 10 together Nu,, = 0.2036Re>*Pro3(1 + D/ H]*
with the correlations of Hong and Bergles [10] fBr = The correlation Eq. (14) from the theory is further compared
100-200. To avoid congestion of the lines and for the sake with the data of Kishore [11] and Lecjaks et al. [14]
of clarity only comparison is limited to one investigator and for 7 < Pr < 400 for different fluids such as water and
obviously the effect of the Prandtl number is to increase the the lubricant Turbinol XT-32 in Fig. 11. Though it can
Nusselt number with the increase of Prandtl number. Sincebe seen that the theoretical line passes through the data
the agreement is found very satisfactory in all the Figs. 6— points it can be refined as a mean line with a scatter of
10, the results from theory are rendered into a dimensionlesst15% by regression analysis with the help of the following
correlation by applying regression to nearly 250 points from equation:

(14)
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— Present theory
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Fig. 11. Comparison of the theory with the experimental data.
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Fig. 12. Validation of the Regression equation—data of Lecjaks et al. [14].
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the constantk. Possibly different flow situations can be
answered by an appropriate choice Kf looking at the
fact, for example, the same formulation yields the special
case of pure classical laminar flow regime wikh= 0, the
asymptotic value oNu = 4.32 andK = 0.4 gives results
coinciding with the well established correlation of Dittus—
Boelter equation for fully developed turbulent convection,
viz., Nu= 0.023Re”8Pr04, Consequently, it can be thought
of intuitively for the case O< K < 0.4 might respond to
the transition from laminar to the turbulent regimes in pure
convection. However, in the present cakeas given by
Eqg. (8) responds to the case of special flow in tubes with
tape insertions.

6. Conclusions

The following conclusions can be arrived from the study
undertaken.

(1) The effects of various contributory parameters except
the fin effects enhancing the heat transfer coefficients as
described by Manglik and Bergles [2,3] can be directly
assessed by taking as a function offH/D] in the
eddy diffusivity expression of van Driest. It might be
possible that several classes of convective problems
can be tackled through a modification of mixing length
theory of van Driest.

The laminar flow regime with tapes could be treated
successfully for a wide range of parameters Br <

400, 25 < H/D < 10 by considering that the role
of eddy viscosity arising due to the presence of tape
becomes more dominant over kinamatic viscosity. It
can be seen from the analysis that eddy viscosity is
implicitly defined by the tape configuration, i.e,, /v =
F[H/D, y*]. Hence, the word laminar becomes a
misnomer when a tape is inserted.

The theory could be rendered into a correlation Eq. (14)
yielding close agreement with the correlations of other
investigators and hence it can be used as estimation tool
to predict enhancement of heat transfer coefficients.

)

®3)
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