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Abstract

A simple mathematical model following the suggestion of Smithberg and Landis has been created to predict the

friction factors for the case of a fully developed turbulent flow in a spirally corrugated tube combined with a twisted

tape insert. The flow field is divided into two principal regions––a helicoidal core flow modified by secondary circulation

effects and a twisting boundary layer flow. The ‘‘wall roughness’’ has an effect simultaneously on the axial velocity,

secondary fluid motion and the resulting swirl mixing. The model reflects the influence of the ‘‘wall roughness’’ on the

axial and tangential velocity components. The calculated friction factors have been compared with 570 experimental

points obtained from 57 tubes tested. Five hundred points (87.7%) have a relative difference of less than ±15%; fifty one

points (8.9%) have a difference of within ±(15–20)% and only nineteen points (3.4%) have a relative difference greater

than ±20%.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The performance of conventional heat exchangers

can be substantially improved by many augmentation

techniques applied to the design systems. Heat transfer

enhancement devices are commonly employed to im-

prove the performance of an existing heat exchanger or

to reduce the size and cost of a proposed heat exchanger.

An alternative goal is to use such techniques to increase

the system thermodynamic efficiency, which allows re-

ducing the operating cost [1–3].

Enhancement techniques can basically be classified as

passive methods, which require no direct application of

external power, and active methods, which require ex-

ternal power. The enhancement of a single-phase flow is

important because that flow usually represents the

dominant thermal resistance in a two-fluid heat ex-
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changer, especially if it is a gas (as compared to a liquid).

Balaras [4] selects to group the augmentation methods

for single-phase flow heat exchangers into three cate-

gories, based on whether the enhancement is caused by

either the heat exchanger surface (surface methods), or

the working fluid (fluid methods), or a combination of

the two (combined methods).

Surface methods include any techniques which di-

rectly involve the heat exchanger surface. They are used

on the side of the surface that comes into contact with a

fluid of low heat transfer coefficient in order to reduce

the thickness of the boundary layer and to introduce

better fluid mixing. The primary mechanisms for thin-

ning the boundary layer are increased stream velocity

and turbulent mixing. Secondary recirculation flows can

further enhance convective heat transfer. Flows from the

core to the wall reduce the thickness of the boundary

layer and the secondary flows from the wall to the core

promote mixing. Flow separation and reattachment

within the flow channel also contribute to heat transfer

enhancement.
ed.
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Nomenclature

A surface area (m2)

D tube diameter (m)

e ridge height (m)

H pitch of the twisted tape (m)

L length of the tube (m)

l mixing length (m)

_mm mass flow rate (kg s�1)

p pitch of ridging (m)

Dp pressure drop (Pa)

r0 tube radius (m)

U axial velocity component (m s�1)

u� shear velocity ðsw=qÞ1=2 (m s�1)

V total velocity vector (m s�1)

y distance from the wall (m)

Greek symbols

b helix angle of rib (�)
d thickness of the tape (m)

em eddy kinematic viscosity (m2 s�1)

m kinematic viscosity (m2 s�1)

q fluid density (kgm�3)

s shear stress (Pa)

Dimensionless groups

eþS dimensionless equivalent sand grain rough-

ness ðeSu�=mÞ

f fanning friction factor ð2sw=ðqU 2
mÞÞ

lþ dimensionless mixing length ðlu�=mÞ
Re Reynolds number ðUmD=mÞ
rþ0 dimensionless tube radius ðr0u�=mÞ
Uþ dimensionless axial velocity ðU=u�Þ
yþ dimensionless distance from the wall ðyu�=mÞ
b� b=90
g dimensionless distance from the wall ðy=r0Þ
Dg dimensionless shift ðDy=r0Þ

Subscripts

a axial

c core region

D buffer zone

i inside diameter

m mean value

max maximum value

t tangential

v vortex

w wall
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Some of the existing methods for enhancing heat

transfer in a single-phase, fully developed turbulent flow

in a round tube are one of the two types: (a) methods in

which the inner surface of the tube is roughened, e.g.

with repeated or helical ribbing, by sanding or with in-

ternal fins, and (b) methods in which a heat transfer

promoter, e.g., a twisted tape, disk or streamlined shape

is inserted into the tube.

It is well known that two or more of the existing

techniques can be utilized simultaneously to produce an

enhancement larger than that produced by only one

technique. The combination of different techniques act-

ing simultaneously is known as compound enhance-

ment. Interactions between different enhancement
Fig. 1. Geometrical characteristics of a cor
methods contribute to greater values of the heat transfer

coefficients compared to the sum of the corresponding

values for the individual techniques used alone. Pre-

liminary studies on compound passive enhancement

technique of this kind were very encouraging. Some

examples are: rough tube with a twisted tape [5] and

grooved rough tube with a twisted tape [6].

The recent articles [7–10] report on an experimental

investigation to see whether or not heat transfer can be

enhanced by the multiplicative effect of a corrugated

tube combined with a twisted tape. The geometrical

characteristics of the corrugated tube and twisted tape

insert are shown in �Fig. 1’. Despite of the fact that

comprehensive study was conducted on a variety of
rugated tube and twisted tape insert.
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corrugated tubes combined with twisted tapes, a lack of

sufficient knowledge about the flow mechanism does not

permit the prediction of the friction factors and heat

transfer coefficients by analytical methods.

The purpose of this paper is to create a simple

mathematical model to predict the friction factor for the

case of a fully developed single-phase turbulent flow in a

corrugated tube combined with a twisted tape insert.
2. The mathematical model

The complicated nature of the geometry coupled with

the initially unknown boundary layer effects makes an a

priori analysis of the basic flow field an impossible task.

The flow observations of the fully developed turbulent

swirl flow induced by a twisted tape in a round smooth

tube [11] showed that the flow field can be divided into

two principal regions––a helicoidal core flow modified

by secondary circulation effects and a twisting boundary

layer flow. From hydrodynamic considerations the flow

field is significantly influenced by a variety of effects: (1)

the partitioning and blockage of the tube flow cross

section by the tape, which results in higher flow veloci-

ties, (2) the helically twisting fluid motion has an effec-

tively longer flow path, (3) secondary fluid motion

generated by the tape twist is increased by the presence

of the roughness elements [12].

When a corrugated tube is combined with a twisted

tape insert the ‘‘wall roughness’’ has an effect simulta-

neously on the axial velocity, secondary fluid motion

and the resulting swirl mixing. In order to predict fric-

tion losses in this assembly a model of the wall boundary

layer should be formulated in addition to the core flow

pattern. The model must reflect the influence of the

‘‘wall roughness’’, axial and tangential velocity compo-

nents. Unfortunately, there exists no information on

boundary layers of this type and the simplifying as-

sumptions made in the subsequent analysis can be ra-

tionalized only by the absence of better information.

The approach presented here is an extension and

modification of the idea of Smithberg and Landis [11] to

predict friction factors for turbulent flow in a smooth

tube with a twisted tape insert. It will be assumed that the

turbulent flow is hydrodynamically fully developed. The

physical properties of the fluid are constant while for a

prescribed Reynolds number both the axial and tangen-

tial velocity distributions and the transport coefficients

can be expressed as a function of the radial coordinate

only. From physical considerations the flow can be

considered as consisting of two regions of quite different

nature––a helicoidal flow modified by secondary circu-

lation effects and a twisting wall boundary layer flow.

The helicoidal flow with its total velocity vector tangent

at every point to a helix defined by the pitch of the

twisted strip and the radial distance from the tube center
line will result in a forced vortex motion in the tube cross

section plan. This multiple vortex pattern will continu-

ously mix wall boundary layer flow and should result in

both increased friction losses and heat transfer [11].

To calculate the axial velocity component Uþ, a

‘‘mixing-length’’ model for predicting fluid friction in

‘‘rough’’ pipes can be applied. This model was success-

fully implemented to predict the friction factor for tur-

bulent flow in tubes with sand-grain roughness [13] and

corrugated tubes [14]. The axial turbulent flow can be

separated into two regions of different transport prop-

erties: (1) the wall region 06 g6 gw where the whole

influence of the wall is exhibited and (2) the core region

gw < g6 1 which is not influenced by the roughness of

the wall. For the case considered the momentum equa-

tion yields the linear shear stress distribution as

s
sw

¼ 1� y
r0

¼ 1� g; ð1Þ

where the shear stress is assumed to satisfy the constit-

utive equation

s
sw

¼ 1
�

þ em
m

� dUþ

dyþ
¼ 1

�
þ em

m

� 1

rþ0

dUþ

dg
: ð2Þ

For the wall region the eddy kinematic viscosity can be

defined as

em
m
ðgÞ ¼ rþ0

lþ

rþ0

� �2
dUþ

dg
; 0 < g6 gw; ð3aÞ

where

lþ=rþ0 ¼ 0:4g 1
�

� expð � grþ0 =26Þ
�
: ð3bÞ

In Eq. (3) gw is the unknown thickness of the wall re-

gion. The approach of Rotta developed in details for a

rough plate [15] was used to insert corrections reflecting

the influence of the roughness elements in Eq. (3). In this

model the effect of the roughness is considered to be

equivalent to a velocity jump over the viscous sublayer

and it can be represented by a shift of the smooth wall

flow velocity profile. For a flow over a rough wall the

reference wall is shifted downward by an amount of Dy
and it moves at a velocity of DU in a direction opposite

to the direction of the main flow [15]. Here this quantity

is represented by Dg.
Obviously, to calculate the axial velocity component

UþðgÞ and the eddy kinematic viscosity em=mðgÞ one has
to know the dependence of the dimensionless shift Dg on

the geometry of the corrugated tube. For this reason, it

has been recently established an updated relationship

between Dg, e=Di, p=e, b� and Re on the basis of the

experimental information of 50 spirally and transversely

corrugated tubes [7–9,16–20]. Despite of the fact that

the corrugated tubes used are not exactly identical to

the shape of the ridges, an attempt has been made to

generalize this relationship including data of similar



592 V. Zimparov / International Journal of Heat and Mass Transfer 47 (2004) 589–599
corrugated tubes as much as possible. This relationship

has been obtained through a procedure explained in

details in [14]. It is well known from the study of Webb

et al. [21] that the flow pattern in tubes with transverse-

rib roughness depends on the dimensionless rib spacing

p=e. The flow separates at the rib and reattaches six-

eight rib heights downstream from the rib. In this re-

gard, two correlations for Dg have been obtained from

the experimental data: one for p=e > 9:0 and another for

7:0 < p=e < 9:0. These correlations can be presented in

the forms

Dg ¼ 90:31Re�0:569ðe=DiÞ0:732b1:434
� ðp=eÞ�0:248;

p=e > 9:0; ð4aÞ

Dg ¼ 43:30Re�0:476ðe=DiÞ1:200b2:500
� ðp=eÞ0:375;

7:06 p=e6 9:0; ð4bÞ

in the ranges 8� 103 < Re < 6� 104; 0:015 < e=Di <
0:060; 0:670 < b� < 1:000.

Thus, the wall roughness can be accounted for by

formally replacing g by ðgþ DgÞ in Eqs. (1), (2) and (3).

The thickness of the boundary layer gw is not known a

priori and it is calculated for a prescribed Reynolds

number from the condition that at the boundary the

eddy viscosity is a continuous function of the radial

coordinate

ðeþmÞw ¼ ðeþmÞc; g ¼ gw: ð5Þ

In the core region, gw < g6 1, the ‘‘mixing length’’ hy-

pothesis is considered invalid and there will be no cor-

rection for the wall roughness. The eddy kinematic

viscosity distribution is the same as in [13,22]

em
m
ðgÞ ¼ 0:07044rþ0 1

�
� ð1� gÞ2

�
1

�
þ 2:345ð1� gÞ2

�
;

gw < g6 1: ð6Þ

Combining Eqs. (1)–(6), an initial value problem has to

be solved:

dUþ

dg
¼ 2 1½ � ðgþ DgÞ� 1

rþ0

(
þ 1

rþ2
0

�

þ 4 1ð � ðgþ DgÞÞl
þ2

rþ2
0

�0:5)�1

; 06 g6 gw;

ð7aÞ

dUþ

dg
¼ ð1� gÞ 1

rþ0

	
þ 0:07044 1

h
� ð1� gÞ2

i

� 1
h

þ 2:345ð1� gÞ2
i
�1

; gw < g6 1; ð7bÞ

Uþ ¼ 0; g ¼ 0; ð7cÞ

to determine the velocity UþðgÞ, rþ0 and gw. For this

purpose a continuity condition on em=m is imposed on
g ¼ gw and an iterative process is organized to converge

on the value of rþ0 [13,22].

The proposed wall boundary layer model assumes

that the tangential velocity component is taken to vary

linearly across the laminar sublayer and buffer zone, at a

distance of yþD ¼ 15, and is given by

Vt;D ¼ y
yD

ð1� gDÞ
2pUm

H
r0

¼ g
gD

ð1� gDÞ
pUm

H=Di

; 06 g6 gD; ð8Þ

which follows from the forced vortex relationship

Vt ¼
2pUm

H
r ¼ ð1� gÞ pUm

H=Di

; gD 6 g6 1: ð9Þ

In dimensionless forms, V þ
t;D ¼ Vt;D=u� and V þ

t ¼ Vt=u�

V þ
t;D ¼ g

gD
ð1� gDÞ

pUþ
m

H=Di

¼ pð1� gDÞffiffiffiffiffiffiffiffi
f =2

p
ðH=DiÞgD

g; 06 g6 gD; ð10Þ

V þ
t ¼ ð1� gÞ pU

þ
m

H=Di

¼ pð1� gÞffiffiffiffiffiffiffiffi
f =2

p
ðH=DiÞ

; gD 6 g6 1: ð11Þ

This assumption is acceptable since for the most pitch-

to-diameter ratios of practical interest the maximum

tangential velocity at the outside of this region remains

smaller than the axial velocity.

Following Smithberg and Landis [11], it is further

assumed that the mechanical energy losses due to the

axial flow, the tangential flow, and the vortex mixing

may be added in the form of equivalent Dp=q terms to

define the overall friction factor

f ¼ Dptot
q

DH

2LU 2
m

¼ Dpað þ Dpt þ DpvÞ
DH

2LqU 2
m

; ð12Þ

where

f ¼ fa þ ft þ fv ¼ f ðReHÞ: ð13Þ

The energy loss components can now be evaluated as

follows.

For the axial component

Dpa=q ¼ fa
2LU 2

m

DH

;

the friction factor fa can easily be predicted from

fa ¼ 0:5

Z 1

0

ð1
�

� gÞUþðgÞdg
��2

¼ f ðReHÞ; ð14Þ

once Eq. (7) are solved.

To verify the validity of the correction Dg, Eq. (4), in
the case of corrugated tube acting alone, 120 friction

factors have been calculated from Eq. (14) and compared
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with the points obtained from the experimental program

[7–9]. Fifty nine points (49.2%) showed a relative differ-

ence of less than ±10%, twenty six points (21.7%) have a

difference of less than ±15%, nineteen points (15.8%)

have a difference of less than ±20% and sixteen points

(13.3%) have a difference of less than ±25%. Having in

mind that the corrugated tubes [7–9,16–20] have not

identical shapes of the ridges or ribs, this discrepancy

should be considered as quite acceptable.
Table 1

Values of the characteristic parameters of the corrugated tubes

Tube Di/mm e/mm p/mm b

3010 13.90 0.312 5.76 8

3020 12.44 0.515 4.48 8

3040 13.39 0.497 5.77 8

3050 13.15 0.593 5.06 8

3070 13.66 0.622 8.12 7

4020 13.53 0.507 4.55 7

4030 13.73 0.781 5.82 6

4040 13.68 0.557 5.97 6

4050 13.38 0.581 5.08 7

2010 13.68 0.315 6.67 9

2040 13.65 0.440 6.01 9

2070 13.59 0.464 8.55 9

Fig. 2. Friction factor vs. Reynolds number. Comparison be-

tween computed and experimental results (3010� H=Di ¼ 0;

3011� H=Di ¼ 15:11; 3012� H=Di ¼ 12:09; 3013� H=Di ¼
7:63; 3014� H=Di ¼ 5:76; 3015� H=Di ¼ 4:75).
The tangential loss component is specified by the

energy dissipation per unit mass to overcome the shear

stress at the wall ðstÞw due to the solid core vortex

_mm
Dpt
q

¼ ðstÞwAwðVtÞr¼r0�yD
ð15Þ

where the shear stress is considered to remain constant

throughout the layer yþD 6 15 and can be evaluated from

the assumed velocity distribution, Eq. (8) as
/� e=Di p=e b�

2.4 0.0224 18.46 0.916

3.4 0.0414 8.70 0.927

2.2 0.0371 11.61 0.913

3.0 0.0451 8.53 0.922

9.3 0.0456 13.05 0.881

2.2 0.0375 8.97 0.802

8.0 0.0569 7.45 0.755

7.4 0.0407 10.73 0.749

0.1 0.0434 8.74 0.779

0.0 0.0230 21.17 1.000

0.0 0.0322 13.66 1.000

0.0 0.0341 18.43 1.000

Fig. 3. Friction factor vs. Reynolds number. Comparison be-

tween computed and experimental results (3020� H=Di ¼ 0;

3021� H=Di ¼ 16:88; 3022� H=Di ¼ 13:50; 3023� H=Di ¼
8:52; 3024� H=Di ¼ 6:43; 3025� H=Di ¼ 5:23).
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ðstÞw ¼ l
oVt;D
oy

� �
y¼0

¼ 2l
Di

pUm

H=Di

1� gD
gD

: ð16Þ

In Eq. (15), _mm ¼ qUm
pD2

H

4
; Aw ¼ pDHL; ðVtÞr¼r0�yD

¼
ð1� gDÞ pUm

H=Di
.

After substitution in Eq. (15), it yields

Dpt
q

¼ 8mp2ð1� gDÞ
2UmL

DigDðH=DiÞ2DH

¼ 4ft
L
DH

U 2
m

2
ð17Þ

and for the tangential component of the friction factor

ft ¼
4p2ð1� gDÞ

2

ReHgDðH=DiÞ2ðDi=DHÞ
¼ f ðReHÞ; ð18Þ

where

Di

DH

¼ pþ 2ð1� 2e=DiÞ � 2d=Di

p� 4d=Dið1� 2e=DiÞ
: ð19Þ

The vortex mixing losses are derived by considering

that the low velocity axial wall boundary layer fluid is

carried into the center line causing a core retardation

which is equivalent to an axial momentum exchange

given by

DpvAc ¼ 2

Z r0

0

d _mmðUmax � UÞ; ð20Þ
Fig. 4. Friction factor vs. Reynolds number. Comparison be-

tween computed and experimental results (3040� H=Di ¼ 0;

3041� H=Di ¼ 15:68; 3042� H=Di ¼ 12:54; 3043� H=Di ¼
7:91; 3044� H=Di ¼ 5:97; 3045� H=Di ¼ 4:85).
where d _mm ¼ qVtLdr for half of the tube. Since the core

flow velocities are nearly uniform, no allowance for

boundary layer energy losses in the core has been ac-

counted for. After introducing dimensionless variables it

leads to

Dpv
pD2

i

4

�
� dðDi � 2eÞ

�
¼ 2

Z yv

0

qVtLðUmax �UÞdy

¼ 2qLr0u2�

Z gv

0

V þ
t ðUþ

max �UþÞdg

and

Dpv ¼
4u2�qL

pDi 1� 4d
pDi

ð1� 2e=DiÞ
h i Z gv

0

V þ
t ðUþ

max � UÞdg

¼ 2fv
L
DH

qU 2
m: ð21Þ

Thus, the component of the friction factor fv, taking
account of the total vortex mixing loss, is

fv ¼
2ðf =2Þ

pðDi=DHÞ 1� 4d
pDi

ð1�2e=DiÞ
h i Z gv

0

V þ
t ðUþ

max�UþÞdg

¼ f ðRe Þ: ð22Þ
Fig. 5. Friction factor vs. Reynolds number. Comparison be-

tween computed and experimental results (3050� H=Di ¼ 0;

3051� H=Di ¼ 15:97; 3052� H=Di ¼ 12:77; 3053� H=Di ¼
8:06; 3054� H=Di ¼ 6:08; 3055� H=Di ¼ 4:94).
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The distance gv is defined by the assumption that the

surface roughness increases additionally the vortex

mixing of the boundary layer in the vicinity of the ridges.

In this regard, it is expected that the distance gv should

be greater than gD and to depend on the geometry of the

roughness elements and Reynolds number. For this

reason, the value of gv is suggested to be calculated as

gv ¼ gD þ Dg but no greater than e=Di for the case

p=eP 9:0 and gv ¼ 4gD þ Dg, for the case 7:06 p=e6
9:0. The latter is also restricted in the limits

0:5e=Di 6 gv 6 1:5e=Di. Thus, the integral in Eq. (22) can

be split into two parts

fv ¼
2ðf =2Þ

pðDi=DHÞ 1� 4d
pDi

ð1� 2e=DiÞ
h i

� ð1� gDÞp
gD

ffiffiffiffiffiffiffiffi
f =2

p
ðH=DiÞ

Z gD

0

ðUþ
max

(
� UþÞgdg

þ pffiffiffiffiffiffiffiffi
f =2

p
ðH=DiÞ

Z gv

gD

ðUþ
max � UþÞð1� gÞdg

)
:

ð23Þ
Fig. 6. Friction factor vs. Reynolds number. Comparison be-

tween computed and experimental results (3070� H=Di ¼ 0;

3071� H=Di ¼ 15:38; 3072� H=Di ¼ 12:31; 3073� H=Di ¼
7:77; 3074� H=Di ¼ 5:86; 3075� H=Di ¼ 4:76).
For the velocity distribution V þ
t , in the regions

06 g6 gD and gD 6 g6 gv, Eqs. (8) and (9) are respec-

tively used. Finally, Eq. (23) yields

fv ¼
2

ffiffiffiffiffiffiffiffiffiffiffiffi
ðf =2Þ

p
ðH=DiÞðDi=DHÞ 1� 4d

pDi
ð1� 2e=DiÞ

h i
� ð1� gDÞ

gD

Z gD

0

ðUþ
max

	
� UþÞgdg

þ
Z gv

gD

ðUþ
max � UþÞð1� gÞdg



¼ f ðReHÞ: ð24Þ

Accordingly, the overall friction factor f can be ob-

tained from Eqs. (13), (14), (18) and (24) by an iterative

procedure organized to converge on the value of rþ0 . The
correlated overall friction factor f and Reynolds num-

ber are related to the hydraulic diameter, DH. To re-

calculate these results with respect to the inside diameter

of the tube Di, the following transformations should be

fulfilled

Rei ¼ ReH
pþ 2ð1� 2e=DiÞ � 2d=Di

p
; ð25Þ
Fig. 7. Friction factor vs. Reynolds number. Comparison be-

tween computed and experimental results (4020� H=Di ¼ 0;

4021� H=Di ¼ 15:52; 4022� H=Di ¼ 12:42; 4023� H=Di ¼
7:83; 4024� H=Di ¼ 5:91; 4025� H=Di ¼ 4:80).
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f ðReiÞ ¼ f ðReHÞ
1þ 2ð1� 2e=Di � d=DiÞ=p

1� 4
p

d
Di
ð1� 2e=DiÞ

h i3 : ð26Þ

The model discussed here comprises the following

cases concerning the calculation of the friction factor in

a fully developed turbulent flow in a pipe:

(a) if Dg ¼ 0 and H=Di ¼ 0––the model can be used to

calculate the friction factors in a smooth pipe [22];

(b) if Dg > 0 and H=Di ¼ 0––the model calculates the

friction factors for a corrugated pipe [14];

(c) if Dg ¼ 0 and H=Di > 0––the model calculates the

friction factors for a smooth pipe combined with a

twisted tape insert [23];

(d) if Dg > 0 and H=Di > 0––the model calculates the

friction factors for a corrugated pipe combined with

a twisted tape insert.
3. Results and discussion

The Fanning friction factors calculated by the ap-

proach outlined were compared with 570 experimental
Fig. 8. Friction factor vs. Reynolds number. Comparison be-

tween computed and experimental results (4030� H=Di ¼ 0;

4031� H=Di ¼ 15:30; 4032� H=Di ¼ 12:24; 4033� H=Di ¼
7:72; 4034� H=Di ¼ 5:83; 4035� H=Di ¼ 4:73).
points obtained from 57 tested corrugated tubes com-

bined with twisted tape inserts. The values of the geo-

metrical parameters of the corrugated tubes are

presented in Table 1. Three hundred and ninety five

points (69.3%) showed a relative difference of less than

±10%, one hundred and five points (18.4%) have a rel-

ative difference within ±(10–15)%; fifty one points

(8.9%) have a relative difference within ±(15–20)%. Only

19 points have a relative difference greater than ±20%.

The numerical results for the friction factors together

with the experimental data of some spirally corrugated

tubes combined with twisted tape inserts are presented in

�Figs. 2–13’. Taking into account the experimental error

in the measurements, this agreement should be consid-

ered as fairly acceptable. Because of the lack of other

experimental data of this kind (for corrugated tubes with

twisted tape inserts) an attempt to verify the model has

been made with the study of Bergles et al. [5] where

isothermal and heated friction factors for straight flow

and swirl flow in rough tubes with twisted tape inserts

were reported, �Fig. 14’. Comparison with generalized

Moody friction factor chart [24] has suggested an

equivalent sand grain roughness of es=Di ¼ 0:005–0.015
Fig. 9. Friction factor vs. Reynolds number. Comparison be-

tween computed and experimental results (4040� H=Di ¼ 0;

4041� H=Di ¼ 15:35; 4042� H=Di ¼ 12:28; 4043� H=Di ¼
7:75; 4044� H=Di ¼ 5:85; 4045� H=Di ¼ 4:75).



Fig. 10. Friction factor vs. Reynolds number. Comparison

between computed and experimental results (4050� H=Di ¼ 0;

4051� H=Di ¼ 15:69; 4052� H=Di ¼ 12:55; 4053� H=Di ¼
7:92; 4054� H=Di ¼ 5:98; 4055� H=Di ¼ 4:86).

Fig. 11. Friction factor vs. Reynolds number. Comparison

between computed and experimental results (2010� H=Di ¼ 0;

2011� H=Di ¼ 15:35; 2012� H=Di ¼ 12:28; 2013� H=Di ¼
7:75; 2014� H=Di ¼ 5:85).
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[5]. Giving different values of es=Di for different Rey-

nolds numbers the friction factors have been calculated

through the model discussed here. In this case, the

turbulent flow in rough tubes (sand grain roughness) has

been simulated through replacing the dimensionless shift

Dg with [13,15]

Dg ¼ 0:9

rþ0

ffiffiffiffiffi
eþs

p�
� eþs expð � eþs =6Þ

�
: ð27Þ

As can be seen from �Fig. 14’, the agreement between

predicted (solid line) and experimental data [5] is fairly

good.
Fig. 12. Friction factor vs. Reynolds number. Comparison

between computed and experimental results (2040� H=Di ¼ 0;

2041� H=Di ¼ 15:38; 2042� H=Di ¼ 12:30; 2043� H=Di ¼
7:76; 2044� H=Di ¼ 5:86).
4. Conclusions

The results of the present study can be summarized as

follows:

(1) A simple mathematical model has been created to

predict the friction factors for the case of a fully de-

veloped turbulent flow in a spirally corrugated tube

combined with a twisted tape insert which is an ex-



Fig. 14. Friction factor vs. Reynolds number. Comparison

between computed and experimental results of [5]

ðy ¼ 0:5H=DiÞ.

Fig. 13. Friction factor vs. Reynolds number. Comparison

between computed and experimental results (2070� H=Di ¼ 0;

2071� H=Di ¼ 15:45; 2072� H=Di ¼ 12:36; 2073� H=Di ¼
7:80; 2074� H=Di ¼ 5:89).
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tension and modification of the idea of Smithberg

and Landis to predict friction factors for a turbulent

flow in a smooth tube with a twisted tape insert.

(2) The model reflects the influence of the ‘‘wall rough-

ness’’ on the axial velocity, secondary fluid motion

and the resulting swirl flow.

(3) The calculated friction factors have been compared

with 570 experimental points obtained from 57 tubes

tested. To verify the validity of the model for an-

other type of ‘‘wall roughness’’ the calculated fric-

tion factors for turbulent flow in rough tubes (sand

grain roughness) with twisted tape inserts have been

compared to the experimental data of Bergles et al.

[5]. The agreement between predicted and experi-

mental data is fairly good.

(4) The model comprises the possibilities to predict the

friction factors in the cases of a turbulent flow in a

smooth pipe; a smooth pipe with a twisted tape in-

sert; a corrugated tube and a corrugated tube com-

bined with a twisted tape insert.
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