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Abstract-Heat transfer coefficients for air are measured along a heated pipe for decaying swirl flow, 
generated by radial blade cascade. The results are compared with an expression proposed for predicting 
the heat transfer coefficients in swirling flow. The theoretical predictions are in good agreement with the 
experimental data with average and maximum deviations of 7 and 1 l%, respectively. The application of 
the theoretical approach to the experimental results obtained by other investigators for heat transfer in a 
decaying swirl flow generated by short-twisted tapes and tangential slots at inlet also give rise to encouraging 

agreement. 

1. INTRODUCTION 

PROBLEMS of heat transfer of decaying swirl pipe flow 
are of practical importance in designing equipment 
like combustion chambers and heat transfer pro- 
moters in different kinds of heat exchangers. 

In spite of the present day significance of such prob- 
lems and a number of experimental and a few theoreti- 
cal studies reported in the literature, there is still no 
generalized method to predict heat transfer for decay- 
ing swirl flow that can be applied to different swirl 
generators based on the known inlet flow conditions. 

Many investigations have been conducted to deter- 
mine the heat transfer characteristics in decaying swirl 
flow experimentally. The effect of swirl intensity on 
heat transfer was studied experimentally by a number 
of investigators [l-5] who also present empirical cor- 
relations for heat transfer coefficients expressed as a 
function of the swirl number, in addition to some 
other parameters. 

Reference [6] presented an analytical study of the 
heat transfer characteristics in decaying turbulent 
swirl flow in a pipe. However, these equations were 
developed to predict the heat transfer assuming the 
flow to be a rotating slug which is the case for the 
swirl flow generated by a short-twisted tape. Such an 
assumption was used to determine the magnitude of 
the tangential velocity at the wall of the tube. 

The aim of this paper is to establish an approach to 
compute the heat transfer in decaying swirl flow gener- 
ated in a pipe with the help of any swirl generator. 

2. EXPERIMENTAL SETUP 

Figure 1 shows the schematic diagram of the exper- 
imental setup used in this investigation. Air was sup- 
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plied to the setup by a centrifugal blower, 1, driven 
by an induction motor. The passage of the blower was 
provided with a bell-mouth, 2, and a throttling disc, 
3, by means of which the flow rate was regulated. 

A calibrated orificemeter, 4,. designed and fab- 
ricated in accordance with IS0 specifications, was 
used to measure the flow rate. A conical diffuser, 5, 
led the air stream from the orificemeter into a flow 
stabilizer, 6, at a considerably reduced velocity. The 
stabilizer was provided with one honeycomb, 7, and 
two wire-mesh screens, 8, and the fluid stream was 
directed into a radially inward-flow passage, 9, fitted 
with adjustable blades to produce different swirl inten- 
sities. The radial passage guided the air to the test pipe 
through a bell-mouth. 

The test pipe, 10, was prepared from a commercial 
smooth seamless steel pipe of 71 mm i.d. and 90 mm 
o.d. having a heated length of 60 pipe diameters. Heat- 
ing was achieved by winding continuously a flexible 
electrically insulated heating cord around the pipe 
which provided a constant heat flux boundary 
condition. The heating element was connected to a 
230 VAC supply through a voltage stabilizer which 
maintained the supply voltage constant within + 1%. 
An autotransformer was used to provide a constant 
input power for all the runs. The test pipe was insu- 
lated with glasswool of 50 mm radial thickness. A 
mixing chamber was used at the exit of the test section 
to measure the outlet bulk temperature of air. 

The wall temperatures were measured by means of 
Degussa copper-constantan thermocouples at seven 
axial stations, located at distances of 1.5, 3, 5, 9, 16, 
30 and 51.5 pipe diameters from the inlet of the test 
section. Each axial station had three thermocouples 
located at equispaced circumferential positions for 
obtaining average wall temperature corresponding to 
the axial station. The thermocouple junctions were 
spring loaded and embedded in radial holes in the 
pipe wall. 
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NOMENCLATURE 

coefficient, equation (16) ZA ‘,i average axial velocity 
maximum moment of velocity at inlet, 1’s resultant swirl velocity, (u& + r?) Ir2 
YW W non-dimensional tangential velocity, 
coefficient, equation (3) Wl%V 
coefficient. equation (16) X non-dimensional axial coordinate, x/D 
coefficient, equation (3) s axial coordinate 
specific heat at constant pressure Y non-dimensional radial coordinate, ri R 

pipe diameter Z non-dimensional parameter. 
initial condition function, equation (13) 4( 1 +E/v) (x/D)/Re. 
Grashof number, 2 W$ Re’ BAT 
tape twist ratio-the number of tube Greek symbols 
diameters per 180” twist velocity ratio factor, r,/u,, 
heat transfer coefficient ; vohtmetric coefficient of thermal 
Bessel functions of the first kind of orders expansion 
zero and one, respectively C kinematic eddy viscosity 
thermal conductivity A,, eigenvalues, n = 1, 2, 3. 
constant, equation (15) 1 dynamic viscosity 
Prandtl number, pC,/k v kinematic viscosity 
Nusselt number, hD/k P density. 
coefficient, equation (3) 
pipe radius Subscripts 
Reynolds number, u,,DIv a axial 
radial coordinate b bulk 
swirl number cc centrifugal convection 
temperature d decaying swirl 
difference between wall and fluid in inlet 
temperatures, T,,-T, SC spiral convection 
non-dimensional axial velocity, u/u,, X local 
axial velocity W wall. 

Section A-A 

1 

& -. 

2 3 

FTC. 1. Experimental setup. 

The bulk temperature of the fluid at the inlet was which provides a 6i digit scale with a walking window 

measured with the help of a thermocouple positioned average. The bulk temperature of the air was cal- 

at the flow stabilizer. The exit bulk temperature was culated from the linear relationship between the inlet 

measured at the centre line of the mixing chamber. and the exit bulk temperatures. This linearity results 

The couple voltage was measured with the help of a from a constant heat flux condition with negligible 

6: digit Solartron digital multimeter through a mul- heat transfer along the pipe length. 

tipoint selection switch. The meter has a filter facility Prior to collecting the heating run data. the sys- 
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tern was run for about 3 h to attain the steady-state 
condition. 

3. PREDICTION EQUATIONS 

In ref. [6], the heat transfer coefficients in decaying 
swirl flow were calculated, assuming a rotating slug 
flow. While such an approach led to satisfactory pre- 
diction, it can only be applied to certain types of swirl 
generators. 

The present work endeavours to establish a cai- 
culation procedure for the heat transfer coefficients 
which can be applied to devices with different types 
of swirl generators by using the heat transfer model 
proposed in ref. [6]. On the basis of the model, the 
elevated heat transfer in decaying swirl flow can be 
defined as 

h&x = &c++ &,X. (1) 

The spiral flow heat transfer coefficient h, can be 
predicted from straight flow correlations by con- 
sidering the increased velocity at the tube wall due to 
the swirl. This increase can be found by the vector 
summation of the axial and tangential velocity com- 
ponents at the tube wall and can be expressed [6] as 

E=:=(l+W;)r? (2) 

Sleicher and Rouse [7’j correlated the local heat 
transfer coefficients in pipes for both liquids and gases 
the physical properties of which are temperature de- 
pendent. Their equation given below is also recom- 
mended for use by Kreith and Bohn [8] 

I?24 = (5+0.015Re”P4 > n 
0 

(3) 
b 

where 

0.24 
a = 0.88- (4+pr) 

and 

b = 1/3+0Sexp(-0.6Pr) (5) 

n= -log $ 
l/4 

0 
+0.3. (6) 

b 

Since in the present investigation, the experiment 
has been carried out using air as the fluid, the sim- 
plified version of equation (3) applicable to gases [7] 
will be used which is given as 

I% = 5+0.012Re”~83(Pr+0.29) $ 
II 

0 
(7) 

b 

for 0.6 < Pr < 0.9 and the fluid properties are evalu- 
ated at T,,. 

The factor u can now be incorporated in this equa- 
tion which yields 

h,, = 5+0.012(aRe)0.83(Pr+0.29) 

The ~ntrifugal convection is similar to the natural 
convection circulation, established over a heated hori- 
zontal plate facing up under the effect of body forces. 
The magnitude of the centrifugal convection (h,) 
should be predictable in a like manner. The applicable 
Grashof number is based on centrifugal acceleration 
and can be shown to be (61 

Gr = 2 W; Re2 BAT. (9) 

For a horizontal plate with the heated surface facing 
upward, a number of correlations have been reported 
[9-II]. Al-Arabi and Reidy [IO] studied the natural 
connection for horizontal plates of different shapes 
and a circular plate of a geometry similar to the pipe 
and recommended the relation given below 

NU = 0.155(GvPv)“3. (10) 

The centrifugal convection may then be predicted 

by 

h,, =0.155(2W;i,Re”jATPr)‘~3~. (11) 

Combining this equation with equations (1) and 
(8) yields the final prediction equation for heating in 
decaying swirl flow 

5+0.012(or Re)0.83(Pr+0.29) $ n 
0 b 

+0.155(2~~ Rez/?ATPr)li3 1 . (12) 

4. SWIRL DECAY 

In ref. [ 121 a calculation procedure was proposed 
which determines the swirl intensity, axial and tan- 
gential velocity distributions in the core region of flow 
at any section along the pipe by defining only the flow 
field at the inlet of the test pipe. The procedure utilized 
an equation for the eddy viscosity [13] as a function 
of the swirl number as well as the Reynolds number 
and found it in good agreement with experimental 
results. Such an approach can be used to determine 
the tangential velocity W, at the pipe wall by a process 
of numerical extrapolation of the computed values 
of W( Y, Z) for Y g 0.9 [14, 151. The computation 
procedure [12] makes use of the following equations 
for the tangential velocity at inlet, swirl number, axial 
velocity and eddy viscosity. 

Tangential velocity at inlet 

F(Y) = W(Y,O) =+(l-e-BY*) (13) 

where A, is the maximum moment of the tangential 
velocity at the inlet section and constant B can be 
taken as 6.5. 
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Swirl number 

Axial velocity 

c,= 

[ 

(m+1)(2m+l) (1-Y)"" 

2m’ I 

+&[7Y-3.1(1.2- Y) ““1 (15) 

where m is a parameter which is dependent on the 
Reynolds number and has the same value as in the 

case of the power law for the velocity distribution in 
swirl free turbulent flows. For the range of Reynolds 
numbers considered in the experiment its value can be 
taken as 7. 

Eddy viscosity 

t: 
= A Re” 

v 
(16) 

where 

A = 7.65x 1O-4-2.25x 1O-3S:i ‘exp(-2.3X$,) 

(17) 

B = 0.89+0.75Si ’ exp (-2.4&). (18) 

The equation for W( Y, Z) used in the procedure is 
that reported in ref. [6] and is given below 

W(Y,Z) = i C,J,(i_,,Y)exp(-&yZ) (19) 
It- I 

where 

YF( Y)J, (& Y) d Y (20) 

and 

(21) 

5. DISCUSSION OF RESULTS 

It is well known that the swirl flow augments the 

heat transfer mainly due to : (1) the increased resultant 
velocity in the swirl channel, and (2) the circulation 
of the fluid on account of centrifugal convection as 
the low density warmer fluid at the pipe wall be dis- 
placed into the cooler stream. 

The experimental heat transfer coefficients for air 
obtained in this study are shown in Figs. 24. In all 
the cases, the swirling flow gives higher values of local 
heat transfer coefficients than those for fully 
developed non-swirling turbulent flow. The variation 
of experimental non-swirling flow heat transfer 
coefficients are also shown in Figs. 2 and 3 which were 
obtained in the same pipe, over the same range of 
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FIG. 2. Heat transfer coellicient as a function of tube length. 
Re = 1.9 x 10’ : -, equation (I 2) : -. Sleicher Rouse 
equation (7). Rr = 3.8 x IO’: . equation (II) : 

- -. Sleicher-Rouse equation (7). (3. (S,,),, = 0.52: 
x. (S,,),, = 0.31 : A. (S,),,, = 0.14: V, zero swirl. 

Re 
FIG;. 3. Heat transfer coefficient as ;I l‘unctlon of Reynolds 
number, s/D = 16: 0. (S,,),,, = 0.9: x. (S,,),,, = 0.30: A. 

(S,,),,, = 0.14; V, zero swirl: . equation (12). 

Reynolds numbers and using the same temperature 
measurement system. 

The non-swirling flow heat transfer coefficients, 

plotted as a function of pipe length in Fig. 2. clearly 
indicate the entry length effect. The values over the 
first few pipe diameters arc higher compared to the 
remaining portion, diminishing with increasing x/D 
and retain the fully-developed nature after about 15 
pipe diameters which is in agreement with other 
reported data [ 161. The experimentally determined 
axial heat transfer coefficients agree with an average 
deviation of 5% with those predicted by the Sleicher 
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FIG. 4. Heat transfer coefficient as a function of tube length, 
(S,Ji, = 0.52: 0, Re = 1.90x 105; x, Re = 1.31 x 105; 
A, Re = 7.75 x 104; V, Re = 3.80 x 104; -, equation (12). 
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FIG. 5. Heat transfer in decaying swirl pipe flow: ----, 
Klepper [17], Re = 1.5 x 105, (S&. = 0.45; 0, present work, 
Re = 1.9x lo’, (S& = 0.52; x, Hay and West [2], 

Re = 2.46 x 104, (S,),, = 1.41; -, equation (12). 
Rouse equation (7) with a maximum deviation of 10% 
for higher Reynolds numbers. 

The swirling flow heat transfer coefficients are also 
shown plotted in Fig. 2 against the axial distance x/D 

for two different Reynolds numbers. As seen from 
the plot for the highest swirl intensity there is an 
augmentation in the values of swirling flow heat trans- 
fer coefficient at inlet to the extent of 90% compared 
to that of fully-developed non-swirling flow. 
However, this enhancement in the heat transfer comes 
down to 40% at 50 diameters from the inlet. The 
intensification in heat transfer decreases as the swirl 
intensity gets reduced as is evident from the plot. As 
mentioned earlier the entrance effect exists in the axial 
flow heat transfer, but this sort of effect does not 
appear in the results of swirling flow heat transfer 
because the swirl enhances the turbulent mixing. 

Figure 3 shows the variation of local heat transfer 
coefficient at x/D = 16 as a function of Reynolds 
number for three different inlet swirl intensities along 
with a corresponding plot for axial flow. The local 
heat transfer coefficients for the same swirl intensity 
for four Reynolds numbers are given in Fig. 4. This 
figure clearly indicates that the higher the Reynolds 
number, the higher is the heat transfer for the same 
swirl intensity. A good agreement of the experimental 
results was found with the theoretical prediction with 
average and maximum deviations of 7 and 1 l%, 
respectively. 

6. COMPARISON WITH OTHER 

INVESTIGATIONS 

The experimental data from the paper by Klepper 
[17] in decaying swirl flow where the swirl was gen- 

erated by short-twisted tapes, has been compared with 
the values predicted by equation (12) in Fig. 5. These 
results are in good agreement and the theoretical pre- 
dictions appear to be about 11% higher. 

Hay and West [2] reported experimental data for 
cooling of air flowing through a pipe with a swirling 
motion produced by a single tangential slot, and the 
data has been plotted in Fig. 5 for comparison. The 
authors indicated that the temperature measurement 
system used by them recorded a lower temperature than 
that of the boundary wall inner surface which resulted 
in a heat transfer coefficient higher by about 40% than 
the actual values. Thorsen and Landis [18] found an 
approach to correlate their cooling air data by an 
equation with the centrifugal convection contribution 
having a negative sign. Later on Lopina and Bergles 
[19] suggested that the best correlation was achieved 
by simply deleting the centrifugal convection term 
whereupon they were able to predict the cooling data 
with f 10%. In the present case, the cooling data from 
ref. [2] could be predicted better with equation (12) 
by following the latter approach with a maximum and 
average deviations of 28 and 22%, respectively. 

7. CONCLUSIONS 

The present study has led to formulation of a theor- 
etical approach which enables the determination of 
heat transfer coefficients in decaying swirl flow gen- 
erated by different types of swirl generators located at 
the inlet, namely radial blades, short-twisted tapes 
and tangential slots. 
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TRANSFERT THERMIQUE DANS UN ECOULEMENT TOURBILLONNAIRE ET 
TURBULENT DECROISSANT, DANS UN TUBE CIRCULAIRE 

RCum&-Les coefficients de transfert de chaleur pour l’air sont mesures le long dun tube chauffe et un 
ecoulement tourbillonaire d&croissant, g&n&b par une cascade radiale d’aubes. Les resultats sont compares 
avec une expression proposde pour p&dire les coefficients de transfert dans un ecoulement tourbillonnaire. 
Les predictions theoriques sont en bon accord avec les don&es experimentales avec un Ccart moyen de 
7% et maximal de 11%. L’application de l’approche theorique aux resultats theoriques obtenus par d’autres 
exptrimentateurs pour le transfert de chaleur dans un tourbillon d&croissant tree par des rubans torsadts 

et des fentes tangentielles a l’entrte donne aussi un accord encourageant. 

WARMEUBERGANG IN TURBULENTER ABKLINGENDER DRALLSTRijMUNG IN 
EINEM RUNDEN ROHR 

Zusammenfassung-Es wurden Warmeiibergangskoeffizienten fiir Luft entlang eines beheizten Rohrs bei 
abklingender Drallstriimung gemessen, die von einem radialen Schaufelgitter erzeugt worden waren. 
Die Ergebnisse wurden mit einer Gleichung fiir den Warmeiibergangskoeffizienten bei Drallstriimung 
verglichen. Die Gleichung stimmte gut mit den Mel3daten ilberein ; es ergaben sich Abweichungen von 7% 
im Mite1 und 11% in Maximum. Die Anwendung der Gleichung auf die MeBergebnisse anderer Autoren 
fur den Wlrmeiibergang bei abklingender Drallstriimung, die von verdrehten Bandern bzw. tangentialen 

Schlitzen am EinlaB erzeugt wurde, zeigte ebenfalls eine gute Ubereinstimmung. 

TElTJIOOEiMEH B TYPEYJ-IEHTHOM 3ATYXAIOI4EM 3AKPY4EHHOM HOTOKE B 
KPYl-JIOft TPYSE 

3axpy~eHHOrO I‘OTOKa BO3J&yXa, CO3AaBaeMOrO KWKaLlOM pZ%DHiWlbHMX JlO~aCTeii. Pe3ynbTaTbl CpaBHH- 

Bil,lllCb C BbIppaxeHHeM, I&WJJlOXteHH~ JUIR piWETa KO%#@iIVieHTa TeIlJlOO6MeHa B 3aKP4”ieHliOM 

IIOTOKB. TeopeTHwCKHe paC¶eTbl XOpOllIO COrnaCylOTC# C WHHbIMH 3KCllepAMeHTa CO CpWIiSiM H MBKCH- 

Ma,IbHbIM OTTRnOHeHHeM 7 II ll%, COOTB~TCTB~HHO. I-IpHMeHeHHe TeopmmecKoro nonxona K 3KCIIePW 

bteHTa.nbHkdM pe3y.nbTaTahi,nony-xenmdM npyrHbm m.cne~oBaTennMH n.nn TetInOO6MeHa B 3aTyxamueM 

3ZiKP,‘YIeHHOM nOTOKe, CO3WH”OP.f KO~TKUMA 3aKP,“feHHbIMH nO,-IOCaMH H Ta~eH~~b”blMH “JeJIKMH 


