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Abstract-Friction factor characteristics are necessary for the evaluation of the efficiency of heat transfer 
enhancement by means of a twisted-tape insert in a smooth tube. Effective flow parameters are introduced to 
facilitate the correlation of friction factor data in such cases. A utility chart from which the friction factor- 
Reynolds number product for twisted-tape flow may be predicted, is presented in graphical form. Results from 
aparametricnumericalstudyonlaminar,constantpropertytwisted-tapeflowareprovidedandalsopresented 
graphically. These results are used to construct a correlative expression from which friction factor 
characteristics for laminar flow may be obtained. The finite thickness of the tape is taken into consideration. 

1. INTRODUCTION 

CONVECTIVE heat transfer in a tubular heat exchanger 
may be enhanced considerably by the introduction of a 
twisted-tape insert. This static measure, however, 
adversely affects the pumping power necessary to 
maintain the mass flow rate. It is therefore of cardinal 
importance to be able to predict the friction factor for a 
twisted-tape section of specified geometrical dimen- 
sions and fluid properties. 

In this paper an attempt is made towards a suitable 
correlative equation for the friction factor in the case of 
laminar, constant property flow. Since the entrance 
length for the flow development is shortened markedly 
by the presence ofthe tape [ 11, only fully developed flow 
will be considered here. A correlation to this effect and 
based on numerical work by Date [2] was proposed by 
Date and Singham [3] and modified by Shah and 
London [4]. For the present work, use is made of 
numerical work [S] employing a primitive variable 
finite-difference solution procedure. 

In accordance with a suggestion by Shah and 
London the friction factors and Reynolds numbers are 
based on the real inner diameter of the smooth tube. 
This facilitates comparison with no-tape flow 
conditions. 

2. THE EFFECTIVE FLOW 
PARAMETERS 

An attractive way of correlating experimental data 
for twisted-tape flow was proposed by Nazmeev and 
Nikolaev [6]. According to their view the real flow 
situation should be considered, namely that the fluid is 
being forced through a non-semicircular channel, 
helically wound around the tube axis. Effective physical 

dimensions for the flow may thus be computed, 
whereby results close to the straight duct results can be 
obtained. The cross-sectional flow area is depicted in 
Fig. 1. 

The predominant direction of low is along the helical 
lines brought about by the presence of the tape. Firstly 
the effective cross-sectional flow area A, for the thin 
tape case with y = 0 is obtained by summation of the 
incremental area elements normal to the helical flow 
lines at each point 

A, = 2 r sin u dr d0 

2+) 

where the helical factor G is defined as 

G-/(1 +$$)=coseca. (2) 

FIG. 1. Cross-sectional segment formed by the presence of a 
tape of finite thickness 6. 
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NOMENCLATURE 

A cross-sectional flow area Y half the angle spanned by the tape edge at 

s 

inner diameter of tube the tube axis 

apparent Fanning friction factor, 6 tape thickness 

(&/lpn;) (D/2U A increment 

j(a) friction factor defined through effective 0 angular coordinate 

flow concept A conversion factor, D”A/(D~A,) 

G helical factor defined in equation (2) 71 3.14159 

H tape pitch for twist of rc radians P fluid density. 

L length of tube co denotes fully developed region. 

P pressure 
P wetted perimeter 
Y radial coordinate Subscripts 

Re Reynolds number an analytically derived 

u axial velocity C real flow area 

X axial distance D based on diameter of tube 

Y tape twist parameter, H/D. m cross-sectionally mean value 
t tapeless 

Greek symbols & pertaining to effective flow parameters. 

x angle of helicity 

When this result is combined with the case of a tape of Similarly, the effective length of the helical passage is 

finite thickness (y # 0) it follows for 6 CC D that defined so that the overall volume remains the same 

A, = $(G-1)-D& (3) 

An effective wetted perimeter is also taken into 
consideration according to Fig. 2, namely 

P,=Z(D-8+JIrsinadO) 

= ,(D-C!+$). (4) 

The effective mean velocity u,,, is defined so as to 
conserve the mass flow rate indicated by the mean axial 
velocity u, 

A 
U =r.u,, 

mx - 
4 

FIG. 2. Effective wetted perimeter along the tube surface. The 
tube-and-tape assembly is viewed laterally. 

AC 
x, = 7.X. 

The effective hydraulic diameter D, for the helical 
passage is then defined as 

0,+ 
E 

(7) 

In 1966, Seymour [7] suggested the use of an effective 
flow length, but he recommended Gx, which is the 
length of the helix formed by the tape edge. The present 
formalism, however, is more acceptable since it takes 
into account the average length of the idealized helical 
streamlines. 

An interesting point is evident from Table 1 where 

some of the numerical values for the coefficients are 
presented for the case of a thin tape when 6 = 0. The 
quotient D/D, reaches a minimum at some y-value Y, 
which may be obtained as follows for 6 = 0 

D (2G+rr)(G+l) 

o,= 27rG 

with a minimum at 

Thus 

y, = & = 2.079 

(8) 

(9) 

(10) 



Friction factor prediction for fully developed laminar twisted-tape flow 2097 

Table 1. Numerical factors for effective flow calculations with 
6 = 0. Only the last column is restricted to laminar flow 

conditions 

Y G DID, AI4 4 f&)Re, 

1.0 1.8621 1.6796 1.4311 
1.5 1.4480 1.6245 1.2240 
2.0 1.2716 1.6163 1.1358 
2.5 1.1810 1.6176 1.0905 
3.0 1.1288 1.6206 1.0644 
3.5 1.0961 1.6234 1.0480 
4.0 1.0743 1.6257 1.0372 
4.5 I .0592 1.6275 1.0296 
5.0 1.0482 1.6290 1.0241 
5.5 1.0400 1.6301 1.0200 
6.0 1.0337 1.6310 1.0168 
6.5 1.0288 1.6318 1.0144 
1.0 1.0249 1.6324 1.0124 
7.5 1.0217 1.6329 1.0108 
8.0 1.0191 1.6333 1.0096 
8.5 1.0169 1.6337 1.0085 
9.0 1.0151 1.6340 1.0076 
9.5 1.0136 1.6342 1.0068 

10.0 1.0123 1.6345 1.0061 
15.0 1.0055 1.6356 1.0027 
20.0 1.0031 1.6361 1.0015 
25.0 1.0020 1.6363 1.0010 
30.0 1.0014 1.6364 1.0007 
35.0 1.0010 1.6364 1.0005 
40.0 1.0008 1.6365 1 BOO4 
45.0 1.0006 1.6365 1.0003 
50.0 1.0005 1.6365 1.0002 

4.0368 
3.2302 
2.9670 
2.8535 
2.7954 
2.7620 
2.7411 
2.7272 
2.7175 
2.7104 
2.705 1 
2.7011 
2.6979 
2.6953 
2.6932 
2.6915 
2.6901 
2.6889 
2.6879 
2.6826 
2.6808 
2.6800 
2.6795 
2.6793 
2.6191 
2.6790 
2.6789 _ ^ 

63.648 
50.930 
46.782 
44.991 
44.074 
43.548 
43.219 
43.000 
42.847 
42.735 
42.652 
42.588 
42.537 
42.497 
42.464 
42.437 
42.415 
42.396 
42.379 
42.297 
42.269 
42.256 
42.248 
42.244 
42.241 
42.239 
42.238 

co 1 (71+2)/n 1 (7-r + 2)‘/7? 42.232 

so that 

D (-> = 1.61629. 
D E min 

(11) 

Up to this point no restriction to laminar flow has been 
imposed and the results are equally valid for turbulent 
flow. 

3. FRICTION FACTOR CORRELATION 

FOR LAMINAR FLOW 

The presence of a tape of finite thickness in a smooth 
tube leaves essentially a circular segment duct for the 
extremal case of infinite tape pitch as is shown in Fig. 1. 
The product f Re for fully developed laminar flow in a 
straight duct of semicircular cross-section is [4] 

f Re = 15.767. (12) 

According to Sparrow and Haji-Sheikh [S] the 
variation off Re with respect to the angle C$ is almost 
linear for the small range of C$ usually encountered in 
twisted-tape flow. From Table 77 of Shah and London 
[4] then follows for 6 << D 

(f Re), = 15.767 - 15.76;;Q5690 y 

= 15.767-0.147;. (13) 

Equation (13) has been obtained by matching the 

theory with the analytically exact value off Re for the 
infinite tape pitch situation. No secondary flow, nor the 
effect of the different lengths of the streamlines, is taken 
into consideration and adjustments to account for each 
of these effects will be corrected for later on. 

This effective flow concept may now be used to 
obtain a value for (f Re), based on the internal 
diameter of the tube. 

The value off, which is derived by means of the 

effective flow concept is designated byfu(s) in order to 
distinguish it from the real value off,, which is to be 

obtained by means of a correction in accordance with 
the numerical results. Therefore 

where 

(14) 

A, g!e 
A,D,2 

For any tube and twisted-tape combination thus 
follows 

f,(c)Re, = A,( 15.767 - 0.1476/D). (16) 

This result is demonstrated in Fig. 3 for the cases y = co 
and 3 (both with 6 = 0) as straight lines parallel to the 
line representing the no-tape condition ofequation (12). 
This model accurately predicts the friction factor in the 
region of mild twist and low Reynolds number. In the 
regions of higher twist and Reynolds number where the 
secondary flow becomes more pronounced, a 

modification has to be introduced in order to account 
for the secondary effects. The effective flow friction 
factor-Reynolds number product from equation (16) is 
presented in Fig. 4, which may serve as a utility chart for 

easy reference to the effective flow predictions. 

4. NUMERICAL RESULTS 

Numerical results for laminar twisted-tape flow with 

6 = 0 are available from work by the present authors 
[S]. Based on the SIMPLE method of Patankar and 
Spalding [lo] for parabolic flows, and incorporating 
the helical coordinate system introduced by Date [2], a 

FIG. 3. Friction factor for fully developed twisted-tape flow 
with y = 3 and 6 = 0. 
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FIG. 4. Utility chart of effective Bow factor f,(~)Re,. 

primitive variable solution procedure is used to predict 
developing flow in a smooth tube containing a twisted- 
tape insert with 6 = 0. Cross-sectionally a nonuniform 
17 x 17 grid is employed with a converged solution at 
each cross-sectional plane being obtained iteratively. 
Axially marching integration is performed with 
increasing steplengths until a fully developed situation, 
defined by a fractional change criterion, is reached. The 
friction factors for these fully developed solutions are 
employed in this section. 

In Table 2 and Fig. 5 are presented the results from a 
numerical parametric study with 6 = 0 to indicate the 
influence of twist ratio y and the Reynolds number Re, 

on the friction factor for fully developed twisted-tape 
flow. The general trends are similar to the findings of 
Date [2] although more pronounced as will be clear 

Table 2. Friction factor results for fully developed laminar 
twisted-tape flow 

0.8446 
-.~ 

0.84 I5 
(0.996) 
0.8418 

(0.997) 
0.8435 

(0.998) 
0.850 

(1.003) 
0.874 
(1.020) 
0.937 

(1.063) 
1.074 

(1.148) 

200 700 1500 2000 

0.2112 0.0603 0.0282 0.02 11 

0.2 104 0.0601 0.0283 0.0212 
(0.996) (0.997) (1.004) (i.005) 
0.2105 0.0602 0.0284 0.0216 

(0.997) (0.998) (1.009) (1.023) 
0.2109 0.06 15 0.03 11 0.0246 

(0.998) (1.109) (1.104) (1.164) 
0.2132 0.0666 0.0364 0.0297 

(1.006) (1.101) (1.288) (1.402) 
0.226 0.0802 0.0479 0.0404 

(1.055) (1.310) (1.677) (1.886) 
0.261 0.1043 0.066 0.0572 

(1.184) (1.656) (2.280) (2.595) 
0.333 0.1530 0.1022 - 

(1.424) (2.290) (3.277) ~ 

from the results of this section. The method suggested 
by Churchill and Usagi [l l] may be used to obtain a 
suitable correlation for the variations in the friction 
factor as is presented in Fig. 5. 

The limiting value needed when Re, -+ 0 is aptly 
supplied by the concept of effective flow. Through the 
definition of a tictious asymptote when y -+ 0 the 
following expression may be derived for the friction 
factor 

.fD =Me)[ 1 +($q51’13. (17) 

The success ofthis type ofcorrelation is clear from Fig. 6 
where this correlation is applied to the results of the 
present numerical work. In Fig. 3 a comparison of this 

f 1 

FIG. 5. Numerical values of friction factor for twisted-tape 
flow. 



Friction factor prediction for fully developed laminar twisted-tape flow 2099 

0.1( 
10 100 1000 

Ycr,/yl.3 

FIG. 6. Correlation of numerical results for twisted-tape flow with 6 = 0. 

result with the predictions by Shah and London [4] and 
Donevski and Kolesza [9] is shown. In Table 3, a set of 
sequential equations is presented by which the factors 
of the correlative equation (17) may be obtained 
directly from the real tape and tube dimensions. 

5. DISCUSSION 

Equation (17) is the final result for predicting values 
of the friction factor fD The quantity &(E) may be 
obtained from the algorithm presented in Table 3 or it 
may be obtained from interpolation on the chart 
presented in Fig. 4. 

It is clear from Fig. 5 that the curves representing 
lines of constant tape twist do not converge to one 
asymptote as Re, + 0. This behaviour led in the first 
instance to the conclusion that the only way of 
constructing a meaningful predictive measure is along 
the lines presented here. The method shows promise 
and is indeed accurate in the range of ReJy < 100. The 
exact coefficients for the high swirl corrective measure 

Table 3. Step sequence for the calculation of the correlative 
function for the friction factor 

y = H/D 

G = [l +(7r/2y)q1’2 

A, = no=/4 

P, = 20 - 26 + nDJ(2G) 

A, = 2HZ(G - 1)/n - D6 

D, = 4AJP, 

A. = A,D’/(A,Df) 

&(E) = AJRe, * (15.767 -0.147066/D) 

fD =./&) [l +(Red(70y’.3))‘.5]“3 

may need alteration when more accurate and 
substantial results become available. Although tape 
thickness is taken into account, there is a need for 
numerical work in this respect, since experiments are 
conducted with tapes of finite thickness. 

In engineering practice twisted-tape flow is induced 

to enhance heat transfer effectivity of a system. The 
friction factor characteristics may then be greatly 
influenced by changes in temperature-dependent 
physical properties of the fluid. The numerical 
prediction in such cases can be done [ 11, but a suitable 
correlative equation has not yet been proposed. The 
present work, however, provides a suitable single 
equation on which future work in this direction may be 
based. This is to be preferred above the piecewise linear 
set of equations suggested by Shah and London [4]. 

The present results are based on numerical work over 

the laminar range 50 < Re, < 2000. This limitation, 
together with the restriction y 2 2 on the tape twist, 
defines the range of applicability of equation (17). 

6. CONCLUSION 

A new way of predicting friction factors for laminar 
twisted-tape flow is presented. It is based on 
suggestions by Nazmeev and Nikolaev [6] for heat 

transfer characteristics and may equally well be 
extended to turbulent flow characteristics. Tape 
thickness is taken into account in a simple manner. The 
present result may prove useful to engineers working on 
twisted-tape flows and also provides scope for more 
numerical and experimental research. To this end a 
chart is provided to minimize the effort needed by users 
of the procedure. 

Research is now being undertaken to generalize this 
type of correlation to simultaneously developing flow 
and subsequently also turbulent flow. Heat transfer 
characteristics as such may also be predicted along 
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similar lines as was indeed done by Nazmeev and 
Nikolaev [6]. Further results in this respect by the 
present authors will be published shortly. 6. 
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CALCUL DU FACTEUR DE FROTTEMENT POUR UN ECOULEMENT 
ETABLI LAMINAIRE AVEC RUBAN TORSADE 

RbsumkLes caracttristiques du facteur de frottement sont nkcessaires pour l’tvaluation de I’efficacitC de 
l’accroissement du transfert thermique par insertion d’un ruban torsadk dans un tube lisse. Des paramttres de 
l’tcoulement sont introduits pour faciliter la formulation des r6sultats sur le facteur de frottement dans de tels 
cas. Un graphe utile est prisentk pour l’estimation du produit facteur de frottement-nombre de Reynolds dans 
I’icoulement sur ruban torsadk. Des rtsultats d’une ttude numkrique paramktrique sur l’tcoulement 
laminaire, B propri6tis constantes avec ruban torsade sont fournis et pritsentts graphiquement. Ces r&ultats 
sont utilists pour construire une expression g partir de laquelle le facteur de frottement pour bcoulement 

laminaire peut etre obtenu. On prend en considtration l’kpaisseur finie du ruban. 

BERECHNUNG DES REIBUNGSBEIWERTES FijR VOLLSTANDIG AUSGEBILDETE 
LAMINARE STROMUNG IN EINEM ROHR. DAS EIN VERDRILLTES BAND ENTHALT 

Zusammenfassung-Fiir die Berechnung des Wirkungsgrades bei der Verbesserung des WCrmelberganges 
durch Einbau eines verdrillten Bandes in ein glattes Rohr ist die Kenntnis von Reibungsbeiwerten erforderlich. 
Es werden effektive Str(imungsparameter eingefiihrt, urn die Korrelation von Reibungsbeiwerten in solchen 
Fgllen zu erleichtern. Ein Arbeitsdiagramm wird vorgestellt, in welchem das Produkt aus Reibungsbeiwert 
und Reynoldszahl fiir die Striimung in einem Rohr mit einem verdrillten Band abgelesen werden kann. Die 
Ergebnisse einer numerischen Parameterstudie iiber die laminare Striimung in einem Rohr mit einem 
verdrillten Band mit konstanten Fluideigenschaften werden beschrieben und ebenfalls graphisch dargestellt. 
Die Ergebnisse werden zur Aufstellung einer Korrelationsgleichung verwendet, aus welcher sich der 
Reibungsbeiwert fiir laminare Str6mung ermitteln l&t. Die endliche Dicke des Bandes wird beriicksichtigt. 

PACqET K03Q@ML&lEHTA TPEHMR ,&‘IR llOnHOC7bK) PA3BM I Ol-0 
JIAMMHAPHOrO TEqEHMFI TMflA CKPYqEHHOfi =IEHfbl 

Aworauwn-XapaK teptitcl ttKtt KoX~)$MuHeH I ii tpe~~a tieo6xo,Whlbt :UIW ottettKti W~~I~~CK t tiettw t w 
nnTencH$HKaumi rennottepeHoca .,a c’te, ticttoIIb’3oaaHtia a r;tairwoii t py6c txtit~tctt ttitt;t ctqyvctttioti 
nenTbt. &ta nyvtttero 0606metiun aamibtx tto Ko-9(1t+tiutiettty tpetttta a ta~ttx c!tylt;tnx aao,uttc~ 
3+$eKTtiattbte napaMeTpbt IIO~OKB. B rpaQturec~obt stifle ttpeflctaa.tett;t ttpoctas cxc~a. tto tiotopoii 
MOXHO pXC’,MEtTb KOX,t@Ht,HeH t TpCHtUt 01 LtHC.W Pe~HO.‘tbiIGt ,l.tR IC~tCttMW t M,,;, CKpyWttHOi? .tett I b. 

&dHbt pe?,‘,tbTd,bt “ttpdMi3pt3TXKOrO ‘tMC+XHHOrO MCC,tCflOBi,t,MH JtdMMH;IPttOtO t;,Y~Y’tCHHOtO IIOtOKit 

C nocToanm.tMH c~oi?c~aa~t+, KoTopbte raKXe npencraanetcbt a rpa+iWXov wtt:te. ‘3 I bi pe ty,tb t it I bt 

HcnonblOBaHbt ima coCTaaJtetnia o606metttioii ‘I~BHCMMOC t w. M I YO topoil b~oxtto tto.ty~ti t tI xapati- 
TCptICTHKH K03(1)+HUMeHTa rpeHMn U,?R .‘IaMMHapt~OIO rewHHR. Y cttt t btailet CH Yottc~ttlitw t oltuwttt;t .Wt t 1.1. 


