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Abstract-The paper presents the results of an experimental study of heat transfer and hydraulic resistance 
for the bundles of helical tubes in lon~tudinal and cross flow. The effectiveness of using these tubes in heat 
exchange equ~~m~t is analyzed. It is shown that heiicat tubes permit an app~~ab~ increase in heat transfer 

and a substantial r~uctjon of the heat exchanger dimensions. 

NOMENCLATURE 

maximum size of tube profile; 
equivalent diameter ; 
characteristic dimension for a tube 
bundle in cross Row; 
tube surface ; 
cross-sectional area of tube; 
tube length ; 
number of tubes in heat exchanger; 
radial coordinate reckoned from tub 
axis; 
lead of a helix ; 
longitudinal spacing of tubes in a bundle ; 
pressure losses ; 
wall temperature; 
flow temperature; 
volume of heat exchanger; 
volume of tubes in a bundle; 
axial velocity in flow core; 
tangential velocity ; 
radial velocity ; 
mean-flow speed ; 
longitudinal velocity fluctuation ; 
transverse velocity fluctuations; 
coordinate reckoned from the heat ex- 
changer shell wall in lateral direction; 
inner layer thickness at the she11 wall; 
number of tubes in longitudinal 
direction ; 
heat transfer coeficient ; 
tube perimeter ; 
heat agent-based voidage of a bundle; 
hydraulic resistance coefficient; 
density ; 
dynamic viscosity ; 
etrective turbulence intensity in a bundle; 
modified Froude number (?/de I d); 

Nu, Re, Pr, Nusselt, Reynolds and Prandtl numbers. 

Subscripts 
f, flow; 
W, wall; 
t, circular tube; 

m, 
av, 
st, 
1, 
2, 

maximum ; 
averaged over bundle cehs; 
straight ; 
on the inside of a tube; 
on the outside of a tube. 

1NTRDD~~IDN 

AT THE present time no branch of technology can be 
cited that would not use heat exchange equipment and 
devices where heat is transferred between agents 
ffowing in channels of different geometries. Therefore, 
the problem of reducing their overall dimensions and 
mass, metal content and cost is a very topical one 
which can be solved by enhancing heat transfer in heat 
exchanger channels. 

Among other means, the enhancement of heat 
transfer can be achieved by twisting the flow in 
channels between bundles of helical tubes of oval 
profile in longitudinat or cross flow [I]. This also 
intensifies the heat transfer of an agent flowing inside 
of the tubes Cl]. 

A heat exchanger with a longitudinal flow past a 
bundle of helical tubes is shown diagramaticaliy in 
Fig. 1. A specific feature of this apparatus is that helical 
tubes of oval profile are aligned so that they touch each 
other at the points of the maximum dimension of the 
oval [2]. The round ends of these tubes are secured in 
tube sheets. 

A schematic diagram of the heat exchanger with 
cross flow past a bundle of helical tubes is given in Fig. 
2. A specific feature of this apparatus is that helical 
tubes of oval profile are spaced in each transverse row 
so that they form slit channels along the tube bundle 
length with the maximum width equal to half the 
difference between the maximum and minimum di- 
mensions of the ova!, and touch only the tubes of 
the ncighbouring rows [3]. 

The efficiency of these heat exchange apparatus can 
be estimated using the results of studies of heat transfer 
and hydraulic resistance of a heat transfer agent 
flowing inside the tubes and intertubular space [4, 51 
as well as the data on turbulent flow structure and 
characteristics of transport in the space between 
helical tubes of bundles in lon~tudinai Bow [6, 71. 
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A-A 

FIG. 1. Schematic diagram of a heat exchanger with longitu- 
dinal flow past a bundle of helical tubes: 1, tube; 2, tube 
sheets ; 3, shell; 4, collectors for supply and discharge of beat 

exchanging media. 

A-A 

B-B c-c 

FIG. 2. Schematic diagram of a heat exchanger with a cross 
flow past a bundle of helical tubes: 1, tube; 2, tube sheets; 3, 
shell; 4, 5 collectors for supply and discharge of heat 

exchanging media. 

The investigations carried out have shown that 
experimental data on heat transfer and hydraulic 
resistance in the space between helical tubes in longi- 
tudinal flow can be correlated by using, besides the 
Reynolds number 

the modified Froude number (for geometrically dis- 
similar tube bundles) 

which characterizes the effect of centrifugal forces on 
the flow. Then the experimental data on heat transfer 
and hydraulic resistance coefficient at Fr = 232-2440 
over the stretch of a stabilized turbulent flow can be 
described by the following relatjonsh~ps in dimension- 
less terms [l, 51: 

Starting at a certain value of Fr,( z lOO), a sub- 
stantial increase in the Nu number and still greater 
increase in the coefficient 5 [4] are observed. These 
results are given in Fig. 3. Figure 3 also presents the 
data on heat transfer for a transitional flow region at 
Re = 3.103, where heat transfer is even stronger than 
in the turbulent flow region. In the transitional flow 
region, the following relationship is valid [5] : 

Nu 
dJ 

= 83.5 Fr- i .2 Re0.2t2F’;‘u4 
M U 

The values of Nu and 5 in Fig. 3 for bundles of helical 
tubes are related to Nu, and <, which are determined by 
the relationships for circular tubes [S] : 

Nu * = 0.023 Re0,8 Pro,’ 4f f (6) 

As is seen from Fig. 3, NujNu, increases with a 
decrease of the Re number in the transitional flow 
region, while the ratio t/c, remains practically intact 
up to Fr, z 100. Thus, for bundles of helical tubes 
with FrM = 232, Nu/Nu, = &J[, = 1.5 at Re = IO’, 
while at Re = 3.103, NM~N~~ = 1.75 and <I<, = 1.5. 
Hence in a longitudinal fiow past bundles of helical 
tubes there are regions (as to the Reynolds numbers) 
where heat transfer increases more rapidly than the 
hydraulic resistance, as compared with a circular tube. 
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FIG. 3. 

coefficient 5. 

The effect of Fr, on the Nusselt number and hydraulic 
resistance coefficient for a longitudinal flow past a bundle of 
helical tubes related to similar parameters of straight tubes : 1, 
equation (3) at Re = l@; 2, equation (5) at Re = 3 103; 3, 
experimental data on heat transfer at Re = lOA ; 4, the same at 
Re = 3 103; 5, equation (4); 6, experimental data on the 

The nature of heat transfer enhancement in the case 
of longitudinal flow past bundles of helical tubes has 
been elucidated by studying the structures of the flow 
and its transport properties. Distributions of the total 
velocity vector were determined with the aid of a 
pressure pipe, while distributions of the averaged 
velocities and of its longitudinal oscillating com- 
ponent, with the aid of a hot-wire anemometer [ 1,6]. 
The distributions of the total velocity vector and its 
longitudinal component were found to obey the f/7- 
power law, provided a certain local thickness of the 
wall layer is introduced, with the velocity profile being 
fuller at any point of the tube perimeter than in an 
equivalent circular channel. This indicates that flow 
twisting expands the flow core area and all the more 
markedly the smaller the number Fr,. The tangential 
velocity within the external portion of the wall layer 
near the tube is distributed following the quasi-rigid 
rotation law 

u,r-’ = const, (8) 

while its distribution in the flow core depends on 
interaction of “vorticity filaments” the role of which is 
played by helical tubes. The radial velocity for the 
direction passing through the axes of neighbouring 
tubes and the cell they form is directed toward the tube 
wall in the region of the oval maximum size. On the 
windward side of the tube profile, the radial velocity is 
directed from the tube wall to the flow core. This type 
of motion leads to a continuous exchange by portions 
of liquid in the tube bundle cross-section and is one of 
the reasons for heat transfer enhancement in a bundle 
of helical tubes. Note that as the Re and Fr, numbers 
decrease, the intensity of eddy motion in a tube bundle 
increases [6]. The maximum tangential and radial 
velocities related to the longitudinal one are de- 
termined, depending on the Re and Fr, numbers, by 
the following empirical formulae (Fig. 4): 

for Fr, = 1187. 

FIG. 4. Relative maximum values of tangential and radial 
velocities as functions of the Re and Fr, numbers: 1,equation 
(9);2,equation (10); X6,experimentaldatafor Fr, = 178;4, 
7, experimental data for Fr, = 296; 5,8, experimental data 

The study of the longitudinal oscillating velocity in a 
bundle of helical tubes made it possible to discover 
another reason for heat transfer intensification, i.e. an 
additional flow agitation [6] caused by velocity gradi- 
ent at the tube wall and velocity gradient in the flow 
core due to the contacts between neighbouring tubes. 
The flow past the places where the tubes come in 
contact also causes flow burbling. Therefore, the 
oscillating velocity in the flow core has a sinusoidal 
distribution along the tube spacing length [6] : 

~ _ 0.075 + 0.02Ssin2nY+ Ju” _ (11) 
%I 

with a period equal to the tubular grid pitch (d). 
The intensity of turbulence in a bundle of helical 

tubes, on the average over the cross-section, can be 
described as a function of Re and Fr, by 

7.2 
- = 

Re0.155+40.57Fr.’ + 1700fr,’ 

Fr, - 178 

x 1 + 7.5(19.S - O.l35Fr,) 1 (12) 

at Fr, = 178 - 1187 and Re = 6. lo3 - 1.1 . 105. It 
follows from (12) that the smaller the numbers Re and 
Fr,, the stronger the turbulence. This, in particular, 
explains a substantial increase of heat transfer exactly 
in the transitional flow region and in tube bundles with 
a small helix lead. 

The dependence (12) is given in Fig. 5 where it is 
compared with the data of [7] on effective turbulence 
intensity measured by the method of diffusion from a 
point source. The effective turbulence intensity is 
determined on condition that 

Jug” _ Jug2 Jwt2 
,q=-a-4 (13) 

I.4 Ii U 

differs from the relative longitudinal oscillating vel- 

ocity (p/n,),, by being virtually independent of 
the Re number and associated with the Fr, number 
within the range Fr, = 314-1530 through the formula 

E = 0.044(1 + 8.1 Fr,“,278). (14) 
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FIG. 5, Dependence of the effective turbulence intensity and relative l~ng~tu~~ai oscillating velocity upon 
FrM at Re z lo4 : I, equation ($2); 2, equation (14); 3, experimental data QR oscillating velocity; 4, 

ex~rjmen~i data on i: [7]. 

With an increasing Fr number E decreases (Fig, 5) 

more slowly than (,/F/t&_. This is attributed to the 
account, besides turbulent diffusion, of the organized 
convective transport along helical tube channels and 
secondary flow circulation when determining E. Within 

Fr, = 178-296 at Re zz t04 the values of (J~z/~m),, 
are closer to the values of E deter~ned from equation 
f 141, i.e. with a decreasing Fr, the fraction contributed 
to E by turbulent diffusion increases. 

The results of the study of heat conduction and 
hydraulic resistance in bundles with a cross flow past 
helical tubes of oval profile carried out at s/d = 12.2 
and Re = 103-3. lo4 are given in [3]. A packed 
bundle of 10 x 10 tube rows was installed in a 180 x 
133 mm channel. The length of the tubes amounted to 
1.25 of the helix lead. The method of local modelling 
was resorted to in experiments with one tube in the 
sixth row of the bundle being heated. Electrical 
calorimetric measurements were employed. All the 
experiments were run under steady state conditions. 
For processing the data the flow velocity u = u~tl/ was 
taken as the reference one, where pi* is the upstream 
vefocity, $ is the heat agent-based voidage of a bundle 
($ = 1 - Xr/JV). 

The characteristic dimension was taken to be 

1 - 4 F, s2 ’ 

where I’, is the tube volume, F, the tube surface, II, the 
tube perimeter, s2 the longitudinal pitch of the bundle. 
By substituting into (I 5) v, = f, * I, F, = I-r, 1 I, where,& 
is the crass-sectional area of the tube, I is the tube 
length, we obtain 

d =&td!i- 
c 

1 - rE, 2s; 

The resistance was determined by measuring the 
pressure drop over the bundle and heat transfer, by 
measuring upstream temperature, tube surface tem- 
perature and heat generation over the length of the 
helix lead. 

The surface temperature was measured at 16 cross- 
sections over the length of the helix lead and at 4 
generatrices at each cross-section. The mean surface 
temperature was determined as the arithmetic mean of 

all the measurements under conditions studied. Radi- 
ative heat transfer was accounted for in determi- 
nation of convective heat generation although the 
ratio between the surface temperatures of the tube 
studied and of nei~bour~ng tubes did not exceed 1.1, 

The results of the study of heat transfer and 
hydraulic resistance of a bundle of helical tubes in a 
cross-flow are presented in Fig. 6. The heat transfer of 
the bundle over the whole range of Re numbers 
studied, Re = IO3 - 3. 104, is described by 

Nu = 0.823 RP7 , (17 

whiIe the hydraulic resistance coefficient 

(18) 

(where Ap is the pressure drop over the bundle, z is the 
number of tube rows) does not depend on Re (Fig. 6) 
within Re = t03-5 . IO3 andisequal to f = 3.94, At Re 
> 5 f 103, the coefficient 5 decreases with an increasing 
Re according to 

s’ z.z 17.3 &s-*.‘?~ (19) 

In equations (17) and (19X the mean flow temperature 
is taken as the reference one. 

The results of the study of heat conduction and 

1 I 

Re 

FE. 6. The eifect of Re on the Nusselt number and hydraulic 
resistance coefficient for a heat exchanger with a cross flow 
past a bundte of helical tubes: 1, equation (17): 2, equation 
(19); 3, experimental data on heat transfer; 4, experimental 

data on g. 
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7. Heat transfer for a flow inside of helical tubes: 1, 
straight tube; 2, s/d = 6.21; 3, s/d = 16.69. 

hydraulic resistance of a heat transfer agent flowing 
inside of shaped tubes are presented in detail in [l] and 
are described by the following relationships (Figs. 7, 
8): 

Nu = 0.019 Re*,* [l + O..S47/(~/d)~~*~], (20) 

5 = 0.316 [l + 3.27 (s/d)-*.*‘] Re-0,25 (21) 

for s/d = 6.2-16.7; Re = 6. 103-10’; T,,,/T, = 
l-1.55. The numbers Re and Nu in (20) and (21) are 
based on the equivalent diameter and mean flow 
temperature. 

As is seen from Figs. 7 and 8, Row twisting sub- 
stantially intensifids heat transfer inside ofhelical tubes 
at s/d = 6.2. A 1 A-fold increase in heat transfer is 
accompanied by about a 1.7-fold increase of the 
hydraulic resistance as compared to a straight smooth 
tube. 

The efficiency of the heat-exchange apparatus sug- 
gested has been estimated by the method described in 
detail in [9, lo] and which basically is as follows. The 
heat exchange devices suggested were compared with 
those made of circular tubes but having the same 
spacing of tubes in a bundle and the same perimeter II. 
Comparison is carried out at the same flow rates of 
heat transfer agents, heat and pumping powers. It is 
assumed that the heat transfer coefficient on the side 
compared is lower than that on the other side. 

Heat powers of the exchangers compared were equal 
to Q = aAtKIlN and Q,, = ~~~Ar~~~~~~*~N*~, where c[ is 

x-2 

c ooz- 

I I I I I , I I 
106 2 4 6 6 IO” 6 

Re 

FIG. 8. Hydraulic resistance for a flow inside of helical tubes : 
1, straight tube; 2, s/d = 6.21; 3, s/d = 16.69. 

the heat transfer coefficient, At temperature difference, 
I the tube length, N the number of tubes in a heat 
exchanger. The temperature differences in both heat 
exchangers are the same (At = At,,), while the pressure 
losses equal to 

and 

aest L 

in which u is the mean heat transfer agent velocity, p 
density, < the hydraulic resistance coefficient, d, the 
equivalent diameter, with p = pSt. For straight chan- 
nels NuSl = clRen and t,, = c2Rem. For heat ex- 
changers with helical tubes an increase in heat transfer 
and hydraulic resistance is accounted for by the ratios 

Wu/Nu,,~,, and (U5,,b~ which are the functions of Re 
for the geometry of the channels considered. Therefore 

(23) 

where the subscript “Re” means that the ratios Nu/ 
Nu,, and 5/c,, are taken at the same Reynolds numbers 
in the heat exchangers with straight and helical tubes 
and which is equal in the case considered to the 
Reynolds number in the latter heat exchanger. 

The above relations allow one to obtain the ratios 
between the number of tubes, lengths and volumes of 
the exchangers compared 

N (515,,),, l/3-ll+m 

-_= 

NS, 1 tNuINu,,),,td,ld,,,)2 ’ 
I t414s,)5-3n+m l/3-n+m 

-= 

1 St [ 1 ~Nu/N~~,)~~~ tU<,,,~,n ’ 

v (&‘<st)s(dest)3-3n+nt “3-n+m 

v,= (Nu/h’~,,)~+~ 1 

060- 

045 I I I 
6 8 IO 

2 
d 

(24) 

(25) 

(26) 

FIG. 9. Dependence of the volume ratio of heat exchangers 
V/V,, upon Ion~tu~nal Row in intertubular space on the 

helix lead at a2 << 11,. 
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For a turbulent flown = 0.8 and m = - 0.2 and then 

(27) 

Figure 9 shows the dependence of the relative 
volumes of heat exchange apparatus, V/V,,, on s/n for 
the case, when the heat transfer coefficients outside of 
the tubes are much smaller than those within. As seen 
the helical tubes allow a 1.5%2-fold reduction of the 
heat exchanger volume. On the other hand, if the heat 
transfer coefficient outside of the tubes is much higher 
than that inside, the helical tubes make it possible to 
reduce the heat exchanger volume by 20-25x,. 

Once the ratios (V/V,,), and (V/V,,), for the both 
sides of a heat exchanger are known, then, by neglect- 
ing thermal resistance of tube walls, one can obtain for 
a general case the ratio of volumes of heat exchangers 
compared 

where CI~ and CL* are the heat transfer coefficients for the 
inner and outer surfaces of helical tubes and 

Since the ratios (Nu/Nu,,), and (Nrr/Nu,,), are 
known for the surfaces compared, then, by assigning 
the ratio of the heat transfer coefficients in a heat 
exchanger with straight tubes tllsJt12a,, one can obtain 
the value of VjV,, which is intermediate between 

(v/V,,), and (V/Vs&. 
Comparison between the heat exchangers with a 

cross flow in the intertubular space [lo] is based on the 
use of the relations 

Ap = <z $ and Ap,, = &,zs, 9. (30) 

(where u is the reference velocity, < is the resistance 
coefficient, z the number of tubes in the lateral 
direction) and of equation (15) for the characteristic 
dimension d,. Then 

while t/t,, is determined by equation (23). 
The ratio of volumes of heat exchangers for a >> a2 is 

051 / ( , / / , 

, I 
id 2 3 4 56789104 3 

Re 

FIG. 10. Dependence of the volume ratio of heat exchangers 
V/V,, upon cross flow in intertubular space on the Reynolds 

number in this space at a, << a,. 

leads to a 1.2-1.4-fold in increase in heat transfer with 
a I.551.8-fold increase in hydraulic resistance which 
allows a reduction in the heat exchanger volume of up 
to 30%. 

CONCLUDING REMARKS 

(1) The schemes of heat exchangers are suggested 
which allow a substantial increase in the heat transfer 
rate due to flow twisting in the channels of complex 
geometry. 

(2) Experimental relationships are derived for cal- 
culation of heat transfer and hydraulic resistance 
coefficients for heat transfer agent flow inside and 
outside of the tubes of in-line and cross flow heat 
exchangers with bundles ofhelical tubes of oval profile. 
These relationships have been employed to estimate 
the efficiency of the apparatus suggested. 

(3) It is shown that the use of helical tubes in heat 
exchangers of the designs considered increases the heat 
transfer rate and makes it possible to manufacture 
more compact heat exchangers as compared to those 
with straight tubes, both for longitudinal and cross 
flow past tube bundles. 
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ECHANGEURS DE CHALEUR A TUBES HELICOrDAUX EN LIGNE OU A COURANT 
CROISE 

R&mm-On pr&ente les r&ultats d’une etude ex~rim~tale sur le transfert thermique et la perte de charge 
pour des faisceaux de tubes hClicaidaux dans un Ccoulement longitudinal ou croid. L’ellicacitC de ces tubes 
dans un Cchangeur de chaleur est analyde. On montre que les tubes htlicoi’daux permettent un accroissement 

appr&ciable du transfert thermique et une rkduction sensible des dimensions de IUchangeur. 

SPIRALROHRW~RMEAUSTAUSCHER MIT L#NGS- UND KREUZSTROMF~HRUNG 

Z~~a~~-In dem A&at2 werden die Ergebnisse einer experimentellen S&die ztlm W~r~~~r- 
gang und Druckverlust von Spiralro~rb~ndeln bei Lags- und Kreuzstromf~rung mitgeleilt. Die 
EffektivitBt bei der Verwendunn dieser Rohre in WLrmeaustauschern wird untersucht. Es z&t sich. da13 
Spiralrohre eine erhebliche Zinahme des Warmeiibergangs und eine wesentliche Verrinierung der 

Abmessungen &r Wlrmeaustauscher etmiigiichen. 


