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Abstract—A fully elliptic numerical study has been carried out to investigate three-dimensional turbulent
developing convective heat transfer in helical pipes with finite pitches. The k—¢ standard two-equation
turbulence model is used to simulate turbulent flow. The governing equations are solved by a control-
volume finite element method. Numerical results have been compared to the existing experimental data
and a good agreement has been obtained. The results presented in this paper cover a Reynolds number
range of 2.5 x 10* ~ 1.0 x 10°, a pitch range of 0.0 ~ 0.6 and a curvature ratio range of 0.025 ~ 0.050. The
developments of effective thermal conductivity and temperature fields and local and average Nusselt
numbers are given and discussed. It has been found that the examined parameters exert complex effects on
developing thermal fields and heat transfer in the helical pipes. The Nusselt numbers for the helical pipes
are oscillatory before the flow is fully developed, especially for the case of relatively large curvature ratio.
© 1997 Elsevier Science Ltd.

INTRODUCTION

Forced convection heat transfer in helical pipes with
a constant circular cross-section is of importance in
piping systems, heat exchangers, storage tanks, chemi-
cal reactors and many other engineering applications.
Due to the occurrence of a secondary flow in planes
normal to the main flow, heat transfer in helical pipes
differs significantly from that in straight pipes. Berger
et al. [1] and Shah and Joshi [2] have reviewed the
literature on fluid flow and heat transfer in helical
pipes. A recent survey of the literature on convection
heat transfer in helical pipes by the present authors
indicates that most of the previous studies on this
subject were performed within the laminar flow
region. In contrast, the literature available in open
publications on turbulent heat transfer in helical pipes
is relatively sparse.

Experimental studies of turbulent heat transfer in
helical pipes have been conducted by Seban and
McLaughlin [3], Rogers and Mayhew [4], Hogg [5],
Mori and Nakayama [6], Kalb and Seader {7], Mikaila
and Poskas [8], and Rao [9, 10]. These studies were
carried out within zero or very small pitch ranges and
the data mainly encompassed fully developed average
Nusselt numbers. Among the numerical studies, Pat-
ankar et al. [11] applied the standard k—& two-equation
turbulence model to predict the turbulent developing
fluid flow in curved pipes. As to helical pipes, only
fully developed hydrodynamic results at zero pitch
were reported in their study. Yang and Ebadian [12]
adopted the same turbulence model to investigate fully
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developed turbulent heat transfer in helical pipes with
substantial pitch. Both of these numerical studies
employed the control-volume-based finite difference
method developed by Patankar and Spalding [13], a
method which is of first-order accuracy. These two
studies also treated the flow as parabolic ; the diffusion
fluxes in the axial direction together with terms of
small order of magnitude in governing equations were
neglected. As the turbulent flow inside helical pipes
was fully three-dimensional, the parabolic com-
putation may lead to results of low accuracy or
reliability. To the authors’ knowledge, no data is avail-
able in open literature concerning the turbulent
developing heat transfer in helical pipes, especially
those with finite pitch.

In this paper, turbulent developing heat transfer in
helical pipes with finite pitch is investigated with the
standard k—e turbulence model. To capture the physics
of the flow and heat transfer, fully elliptic flow cal-
culations have been performed with a control-volume
finite element method (CVFEM) of second-order
accuracy. The effects of pitch, curvature ratio and
Reynolds number on the developments of effective
thermal conductivity and temperature fields, and local
and average Nusselt numbers are examined.

PHYSICAL PROBLEM

The geometry and system of coordinates considered
are shown in Fig. 1. The circular pipe studied, which
has a diameter of 24, is coiled at a radius of R, with
the distance between two turns (the pitch) represented
as H. The orthogonal helical coordinate system (s, r, 8)
or (s,n,{) in reference to the master Cartesian coor-
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NOMENCLATURE
a radius of the helical pipe [m] X, Y,Z master Cartesian coordinates [m]
A area [m?] X; Cartesian coordinate in i-direction
Ar  Van Driest constant (i=1,2,3) [m].
b intermediate parameter [m~']
C.C,C, turbulence model constants Greek symbols
d, hydraulic diameter of the helical pipe o angle [°]
[m] r thermal conductivity [W(m - K)™']
E empirical constant in logarithmic Tr  effective thermal conductivity
velocity profile [W(@m-K)™
H pitch [m] é curvature ratio (=a/R.)
I turbulence intensity (=u'/u x 100%) 8y Dirac delta function
k turbulent kinetic energy [m?*s~%] & dissipation rate of turbulent kinetic
L characteristic turbulence length scale energy [m’s ™7
[m] #,{  orthogonal rectangular coordinate [m]
n coordinate direction perpendicular to @ axial angle [°]
a surface K Von Karman constant
Nu,, circumferential average Nusselt A nondimensional pitch (=H/(2nRc))
number on a cross-section U viscosity (kg(m-s)~]
(=(1/2m)[3"Nu, db) 0 orthogonal azimuthal coordinate [°]
Nu, local Nusselt number on the (0] nondimensional temperature
circumference of a pipe (=(T-TH/(T,—T.)
(=(qud/TYN(T,,—T)) ) density of fluid [kg m™?
p pressure [Nm™?] g, turbulent Prandtl number in energy
Pr molecular Prandtl number equation
Pr,,  turbulent wall Prandtl number o diffusion Prandtl number for &
qw local heat flux [Wm™?] G, diffusion Prandtl number for ¢
r radial coordinate [m] T wall shear stress [N m~7].
R, radius of the coil [m]
Re  Reynolds number (= pugdy /1) Subscripts
s axial coordinate [m] 0 inlet conditions
T temperature [K] b bulk quantity
T, fluid bulk temperature on one cross- i,j,k general spatial indices
section (=(1 /ﬁsA)fg‘usT d4) [K] 1 laminar or molecular quantity
u velocity component in flow direction r,8,s radial, azimuthal and axial directions,
[ms™1] respectively
v root-mean-square turbulent velocity t turbulent quantity
fluctuation [ms™!] w wall condition.
Uy inlet velocity [m™'s]
u; velocity component in i-direction Superscripts
(i=1,2,3)[ms™] + standard wall coordinates
u* friction velocity (=./t./p) [ms™'] — average quantity.
7 dinate system X (X, Y, Z) is similar to that used by
- 3 Germano [14] and Liu [15] with
2a .,
¢ NS
e 7 6=t L5t +0, 1)
T r 2n
H N ]
4 R where 6, = constant and b = [R2+ (H/2n)?]" 2. A
R given point in the helical pipe can be mapped to the
Y~  master Cartesian system through
(7
f——2Rc —— X X = R+rcosaN+rsinaB )
(a) (b) H
Fig. 1. Geometry and system of coordinates : (a) helical pipe; R= (Rc cos @, R, sin ¢, — (p) 3)
(b) helical coordinate system. 2n
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N =(—cos @, —sin ¢, 0) “)
H_ . H
B= (5; bsin ¢, z—nb cos @, bRc> %)

where R is the global coordinate vector at a point on
the center line of the helical pipe and N and B are the
normal and binomial to the center line at the point of
consideration.

At the inlet (¢ = 0°), fluid with turbulence intensity
I and temperature T, enters into the helical pipe at a
speed of u,. The wall of the pipe is heated under
constant temperature T,. Turbulent flow and heat
transfer develop simultaneously downstream in the
pipe. The flow is assumed to be steady and incom-
pressible. The k¢ turbulence model of Launder and
Spalding [16] is used to simulate turbulent flow. The
Reynolds stresses are related to the mean velocity
gradients on the basis of the Boussinesq hypothesis.
The turbulent heat flux in the energy equation is mod-
eled using the gradient transport analogy. The time-
averaged, fully elliptic differential equations gov-
erning the turbulent flow in helical pipe can be written
in tensor form as

Mass
=Z=0. (©6)

Momentum

i} ou; Oy 2 Ouy,
axj [(#l + Au!) (—6_.)(:—] + axi - 6ij § 6Xk)

_pujui_aijp:l =0 (7
Energy

0 1C,\ 8T
axf[(r]Jr o, ax,"’"fCPT +m®, +pe = 0.

®

Turbulent kinetic energy

0 u,\ ok
= 2 o, —pe=0. 9
axj[<ul+ ak) o, pu]k]+pP pe=0. (9

Dissipation rate of turbulent kinetic energy

il u\ e peP pe’
5x,|:(ﬂl+ae)iixj+puj8]+C£' g Co =0
(10)
where
Wy Ou, (Ou;  Ou;
P e e N 11
F p axj<6xj+6x,- (an
Ou, (Ou;  Ou; 2 Owy
Pt s Rt it 3 O 2
o zax,<ax,.+ax,. 36xk5”> 12
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In the above equations, the subscripts i, j, k = 1, 2, 3.
Turbulent kinetic energy, k and its dissipation rate, ¢,
are coupled to the governing equations via the relation
w = pC,k*e. In the Cartesian system, x,, x, and x,
correspond to X, Y and Z, respectively. The empirical
constants for the turbulence model are assigned the
following values in accordance with the rec-
ommendation of Launder and Spalding [16]:

C, =009, C,=147, C,=192,
0,=07, o0,=10, o,=13.

A nonslip boundary condition is imposed on the
wall of the helical pipe. The two-layer based non-
equilibrium wall function method [17] is used to
account for the near wall regions in the numerical
computation of turbulent flow. The first near wall
numerical grid point, M, is located sufficiently far
from the wall for the local turbulent Reynolds number
(= pk'"™/u, where [ = kK**[¢) to be much greater than
unity. In the region between the wall and node M, the
expression for velocity is:

+

y

u
— =<1 . 13
u* Eln(Ey*), vt >yr (13)

Here, 4 and y denote the velocity component in flow
direction and the normal distance from the wall,
respectively. The term y* is the dimensionless y
(" =pu*y/p); k=041; and E=9.793 (for a
smooth wall). The term y; represents the thickness
of the viscous sublayer (y* = 11.225). Outside of the
viscous sublayer, the friction velocity, defined as

Tq/p is computed as u* = C/*k'.

In the near wall cell, the value of the dissipation
rate of the turbulent kinetic energy is given by:

B Ci/‘tka/z
= —_Ky .

€ (14)

The turbulent kinetic energy equation is solved with
zero normal derivative wall boundary conditions. The
production term is computed using the velocity wall
function described above to compute wall shear stress,
and the dissipation at the near wall cell is obtained
using an average over the cell:

Cl uk

= . (15
5 )
The wall heat flux is computed wusing
qw = pC,u*AT/T*, where T is obtained from
Pr%, yr<yw
T = " (16)
Prw(h_*+PT)’ y+>y\"+
u
n/4 (AN Pr Pr\'*
=— il — 1 ==
£ sm(n/4)< K ) Pr,, Pr an
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where Pr is the molecular Prandtl number; Pr,, the
turbulent wall Prandtl number (Pr, = 1.2); and Ay,
the Van Driest constant (41 = 26).

At the inlet, uniform profiles for all the dependent
variables are employed :

u, =0,

k=k03

U, = Uy, uy =0,

T=T, (18)

where u,, u, and u, are the axial, radial and azimuthal
velocities, respectively. Turbulent kinetic energy at the
inlet, ko, and the dissipation rate of turbulent kinetic
energy at the inlet, g, are estimated by

k3/2

20 =Cy* —.

£=¢g

ko = 3u1)", (19)
In equation (19), the turbulence intensity level, I, is
defined as u’/u x 100%. As the turbulent eddies cannot
be larger than the pipe, the turbulence characteristic
length scale, L, is set to be 0.07a in the present study.
The factor of 0.07 is based on the maximum value of
the mixing length in fully developed turbulent pipe
flow.
At the outlet, the diffusion flux for all variables in
exit direction are set to be zero:
0 k
Eﬁ(us,ur,ug, T,k,e) =0. (20)
To represent results, the following nondimensional
variables and parameters are defined :

puydy a H
R =, 5:—’ =
€ u RC A 2TERc
1[4 T-T,
T, = sALuSTdA, ®=Tb_Tw

0

where J is the curvature ratio; A, nondimensional
pitch; Nu, the local Nusselt number along the cir-
cumference of the pipe; and Nu,, the circumferential
average Nusselt number on one cross-section. The
term @ represents nondimensional temperature, while
Ty, and u, denote fluid bulk temperature and average
axial velocity on one cross-section. Effective thermal
conductivity is defined as:

Ht Cp

T

=TI+ 22)

It is known that, the critical Reynolds number
identifying a transition from laminar to turbulent
flow, Re., is much higher in a curved pipe than in a
straight pipe. According to Srinivasan et al. [18], Re.;

can be estimated by
Re; = 2100[1+12517). (23)

As 6 - 0, the above equation reduces to the straight
pipe Re.; = 2100. In the present paper, the Reynolds
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numbers applied are much higher than those predicted
by equation (23) to ensure that the flow in the helical
pipe is within the turbulent regime.

NUMERICAL COMPUTATION

The governing equations have been solved with a
Control-Volume Finite Element Method (CVFEM)
similar to that introduced by Baliga and Patankar
[19]. The FLUENT/UNS code [20] has been used as
the numerical solver. As CVFEM combines the best
aspects of the control-volume finite difference method
(CVFDM) and the finite element method (FEM), it
provides the mesh flexibility of FEM without sac-
rificing the benefits of CVFDM, which are robustness
and economy.

An unstructured (block-structured) nonuniform
grid system is used to discretize the governing equa-
tions. Figure 2 depicts the grid topology used on one
cross-section and a typical hexahedral element for the
three-dimensional grid system. As shown in Fig. 2, the
three-dimensional hexahedral element has 27 nodes,
with pressure stored on the eight vertex nodes and
velocity components and scalars stored on the vertex,
midedge, midface and center nodes.

The convection term in the governing equations
was modeled with the bounded second-order upwind
scheme and the diffusion term was computed using
the multilinear interpolating polynomials N(X, Y, Z)
(also referred to as ‘shape function’ in FEM). The
final discrete algebraic equation for variable ¢ at each
node is a set of nominally linear equations that can be
written as:

apdp = Z Ay P + o (24)
nb

where ap is the center coefficient ; a,, is the influence
coefficient for the neighbor ; and ¢, is the contribution
of the constant part of the source term S, in
S = S.+ Cp¢p and of the boundary conditions. The
SIMPLEC algorithm [21] is used to resolving the
coupling between velocity and pressure. The algebraic
equations are solved iteratively using an additive-cor-
rection multigrid method [22] with a Gauss—Seidel
relaxation procedure. To accelerate convergence, the
under-relaxation technique is applied to all dependent
variables (the under-relaxation factor for p is 0.3 ; that

@) ®)
Fig. 2. Grid and nodes: (a) unstructured grid on one cross-
section of the helical pipe; (b) nodes used for storage of
dependent variables in the three-dimensional element.
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Table 1. Grid independent tests (Re = 2.5 x 10%, § = 0.050,

1=02)
Elements
(sectional (T, —Ty)/

x axial) (T.—Ty) Fean/Th Nttgmax Nug,
245 % 100 0.246 305.9 226.5 198.9
320 %120 0.247 314.3 230.7 200.7
720 % 120 0.251 339.6 235.1 202.8
500 x 120 0251 339.0 235.1 202.8
500 x 160 0.250 3355 235.6 203.4
500 x 200 0.250 335.4 235.6 203.4

for T is 1.0; and that for u, k and ¢ is 0.7). The
numerical computation is considered to be converged
when the residual summed over all the computational
nodes at nth iteration for variable ¢, R}, satisfies the
following criterion :

Ry
R3

<1073 (25)
where ¢ applies for u;,, T, k and ¢; and R} represents
the maximum residual value after m iterations.

In the present study, the computational domain
in the axial direction spreads from ¢ = 0-270°. The
choice of this computational domain is based on the
entry length data on curved pipes given by Austin and
Seader [23] to ensure that fully developed flow results
can be obtained on the outlet plane (¢ =270°). A
grid refinement study was conducted to determine an
adequate grid distribution. Table 1 presents a com-
parison of the predicted results at different grid dis-
tributions (sectional x axial) for a fully developed tur-
bulent fluid flow in a helical pipe. The sectional
number refers to the total number of elements on one
cross section (¢ = constant) of the pipe. The
expression I /I is the ratio of bulk effective thermal
conductivity to molecular thermal conductivity and
Nug nay is the maximum value of local Nusselt numbers
along the circumference of the pipe. This table indi-
cates that the 500 x 160 grid arrangement ensures a
satisfactory solution for heat transfer in helical pipe.
With the 500 x 160 and even finer grids, some com-
putations were also repeated for fluid flow and heat
transfer in helical pipes at lower 8, higher Re, of 1. It
was observed that the difference in the solutions was
in the order of about 1%. All the computations in this
paper were carrizd out on a Sun 4/80 workstation in
the Hemispheric Center for Environment Technology
(HCET) at Florida International University (FIU).
Approximately 350400 iterations were needed in
order to obtain the convergence results.

RESUULTS AND DISCUSSION

Data comparisor. (fully developed heat transfer)

Due to the limited data on turbulent developing
heat transfer in helical pipes, the present predictions
are compared to previous studies on fully developed
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heat transfer in helical pipes with zero pitch (toroidal
pipes). Figure 3 illustrates the comparison of present
predictions of the fully developed Nusselt number
with the experimental data reported by Rogers and
Mayhew [4]. The experimental results of Rogers and
Mayhew are well represented by the following empiri-
cal formula:

Nugg = 0.023Re"® Pro45%!, 26)

As can be observed, the numerical results agree fairly
well with the measurements. Within the examined par-
ameter ranges, the maximum difference between the
present numerical results and the experimental data
is approximately 5%. The discrepancies between the
experimental and numerical results are considered to
be caused mainly by the standard two-equation k—¢
turbulence model. Also presented in Fig. 3 are the
computed Nusselt numbers for turbulent heat transfer
in a straight circular pipe. The agreement with the
well-known Dittus—Boelter equation [24] is quite sat-
isfactory:

Nug; = 0.023Re® Pr04, Q7
Development of turbulent thermal fields

The following numerical results were obtained
under the inlet turbulence condition of I = 5%, which
is a typical turbulence level for turbulent pipe flows.
The fluid physical properties were based on those for
water with Pr = 7.02. The development of non-
dimensional temperature (®) fields in helical pipes is
shown in Figs. 4 and 5. When the axial distance, s, is
small, fluid of uniform temperature occupies most
of the area of the cross-section. As s increases, the
unbalanced centrifugal force of the main flow results
in the shift of point of the maximum @ to the outside
of the pipe, forming steeper ® gradients near the outer
wall. When the heat transfer is fully developed, both
the position shift and the magnitude of the maximum
O reach their maximum.

Figures 4(a) (4 = 0.0) and 4(b) (1 = 0.6) illustrates
the effects of 1 on the developing nondimensional
temperature fields for given Re and §. When 4 = 0.0,
the turbulent temperature fields are asymmetric to the
centerline connecting the outermost and innermost
points of the cross-section. When A # 0, the torsion
caused by the finite pitch results in asymmetric
developing turbulent temperature fields : the zones of
higher values of ® are rotated towards the bottom of
the cross-section.

Figures 5(a) (Re=2.5x10% and 5(b) (Re=
2.5 x 10%) illustrate how Re affects the developing tur-
bulent temperature fields for given § and 1. At each
axial location (s = constant), the value and pattern of
the nondimensional temperature in most of the area
of the cross-section are weakly influenced by the vari-
ation of Re. Compared with heat transfer at different
Re (sée below), it has been observed that a significant
change in the temperature gradient occurs in the near
wall region when Re varies.
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Fig. 3. Comparison of fully developed Nusselt numbers with experimental data. For helical pipe, 1 = 0.
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0.978 1.02
Outer Outer
S= IOd;, §= 20d},

Fig. 4. Development of temperature fields at Re = 2.5x 104, 6 = 0.025: (a) A = 0.0; (b) 4 = 0.6.

Figures 4(b) (6 =0.025) and 5(a) (6 = 0.050)
reflect the influence of § on developing turbulent tem-
perature fields for given Re and A. It is shown that
when 6 becomes larger, the development of the tem-
perature field becomes faster and the shift of the fluid
with higher ® toward the outside becomes more sig-
nificant.

Figures 6 and 7 show the development of the rela-
tive effective thermal conductivity (/) fields in
helical pipes. As the fluid turbulence develops from
the inlet to the outlet, the effective thermal con-

ductivity level is increased with the increase of s. In
the course of the development, the maximum value of
I's/T', may vary non-monotonically due to the influ-
ence of finite pitch and curvature, but the value of the
maximum I'4/I'; at large s is definitely higher than
that at small 5. Figures 6(a) (4 = 0.0) and (b) (A = 0.6)
illustrates that the main effect of pitch is to rotate the
zones of higher I'./I', in a clockwise direction. Figures
7(a) (Re =2.5x10% and (b) (Re = 2.5 x 10%) indi-
cates that the I'.g/T'| level is substantially increased
when Re is increased. Figures 4(b) (6 = 0.025) and



Turbulent convective heat transfer in helical pipes
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Fig. 5. Development of temperature fields at § = 0.050, 1 = 0.6: (a) Re = 2.5x 10*; (b) Re = 1.0 x 10°.
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Outer
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2346
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(b) Outer

S=5d).

5(a) (0 = 0.050) demonstrates that zones of higher
level I' 4/T', are shifted towards the outside of the pipe
due to the increase of 4.

Development of the local Nusselt number

Figures 8 and 9 show the development of the local
Nusselt number, Nu,, with the increase of s on the
circumference of the helical pipe. The data are plotted
in the direction from bottom (r/a = —1.0) to top
(r/a = 1.0) of the pipe cross-section. For a cross-sec-
tion at a given s, the higher and lower values of Nu,
at r/a = 0.0 correspond to the Nusselt numbers at the
outermost and irmermost points of the pipe, respec-
tively. It can be seen in the figures that at each s, the
peripheral variation of Nu, is much steeper on the
inner side than or the outer side. When s is small (near
the inlet), the distribution of Nu, on the circumference
is relatively smooth. As the flow proceeds down-

S= IOd),
Fig. 6. Development of thermal conductivity fields at Re = 2.5 x 10°, § = 0.025: (a) A = 0.0; (b) A = 0.6.

S=20dp,

stream, the magnitude difference of Nu, between the
outer and inner sides of the pipe increases.

When 4 = 0 (Fig. 8(a)), the distribution of Nu, at
each s is symmetric to the centerline (r/a = 0.0) con-
necting the innermost and outermost points of the
pipe. There is a flat region around r/a = 0.0 with a
relatively uniform variation of Nuy. The point of mini-
mum Nuyg is located at r/fa = 0.0 on the inner side of
the pipe. When A # 0 (Figs 8(b) and 9(a,b), 1 = 0.6),
the distribution of Nu, is asymmetric to the centerline
due to the effect of the finite pitch, especially at the
later stage of heat transfer development. A step on the
Nuy curve appears on the outer side of the pipe. The
location of the minimum N, is found to be oscillatory
about the innermost point with the increase of s.

The effect of § on the development of Nuyis reflected
in Figs 8(b) and 9(a). When J increases, the variation
of Nu, along the inner side of the pipe becomes steeper.
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s= 20d;,

Fig. 7. Development of thermal conductivity fields at & =0.050, A =0.6: (a) Re =2.5x10% (b)
Re = 1.0x10°

The ‘step’ on the Nu, curve in the middle region along
the outer side of the pipe climbs.

Figures 9(a, b) (with a different scale for Nuy)
demonstrate the effect of Re on the development of
Nuy. When Re increases, both the magnitude of Nu,
along the whole circumference of the pipe and the
magnitude difference of Nuy between the outer and
inner sides of the pipe decreases. The location of the
minimum values of Ny, at each axial location remains
almost unchanged with the increase of Re.

Development of the average Nusselt number

The development of the circumferential average
Nusselt number, Nu,,, with axial location at different
pitches, is depicted in Fig. 10. In the early developing
stage (s/d, < 5-8), Nu,, drops sharply as s/d, increases
due to the rapid development of the thermal boundary
layer. After the early stage, Nu,, experiences an oscil-
latory state, in which the value of Nu,, is oscillatory
with the variation of s/d, before it is fully developed.
Although the effect of 4 is to reduce the magnitude of
Nu,, in the fully developed stage, the magnitude of
Nu,, at higher A in the oscillatory stage may exceed
that at lower 1, depending upon the axial location.
For the case of smaller 6 (Fig. 10(a)), one obvious
peak value of Nu,, appears. The increase of 4 results
in the movement of the location of peak value of Nu,,
downstream. For the case of larger 6 (Fig. 10(b)),
two obvious peak values of Nu,, are found. With the
increase of 4, the oscillation of Nu,, tends to become
significant. It has been ascertained that the oscillation
of Nu, is a consequence of the secondary flow in
helical pipes. A similar oscillatory development of the
Nusselt number was also found by both Liu [15] and
Patankar ef al. [25] in their parabolic numerical stud-
ies of laminar developing heat transfer in helical pipes,
in which more peak values were found.

The effects of Re on the development of Nu,, are

shown in Fig. 11 at two & values. With the increase
of Re, the magnitude of Nu,, at every axial location
increases and the oscillation of Nu,, is strengthened.
Numerical simulation also reveals that the axial
locations of the peak values of Nu,, are affected very
little by the variation of Re. Figure 11 also reveals
that when J is increased, the oscillation of Nu,, is
enhanced. Except in the early developing stage, the
effect of & is to increase the magnitude of Nu, at
different axial locations on the helical pipes.

CONCLUSIONS

Three-dimensional turbulent developing heat trans-
fer in helical pipes with finite pitch has been simulated
with a control-volume finite element method. The
fully elliptic numerical predictions of fully developed
heat transfer are consistent with existing experimental
data. As the turbulent flow develops downstream, the
nonuniformity of the thermal fields increases. Except
in the early developing stage, the development of tur-
bulent thermal fields is influenced substantially by
pitch, curvature ratio and Reynolds number.

The development of the local Nusselt number on
the inner and outer sides of the helical pipes is found
to be different. The location of the minimum values
of the Nusselt number on the circumference of the
pipe shifts as the flow proceeds downstream. The
development of the circumferential average Nusselt
number is found to be oscillatory before it is fully
developed. When pitch, curvature, or Reynolds num-
ber increases, the oscillation phenomenon is
enhanced.
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