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Abstract

This paper describes a detailed experimental investigation of heat transfer in a reciprocating helical tube fitted with
full circumferential ribs with particular reference to the design of a piston for a marine propulsive diesel engine. The
parametric test matrix involves Reynolds, Dean, pulsating and buoyancy numbers, respectively, in the ranges 4500
7000, 1050-1600, 0.135-0.458 and 0.000325-0.00943 with five different reciprocating frequencies tested, namely 0, 0.83,
1.25, 1.67 and 2 Hz. The manner in which the pulsating force and reciprocating buoyancy interactively affect the local
heat transfer along the inner and outer edges of the coils is illustrated using a number of experimentally based
observations. The experimental data reconfirm the presence of Dean vortices with attendant relative increase in local
heat transfer on the outer surface, even with the agitated flow field caused by ribs under a reciprocating environment.
The pulsating force and reciprocating buoyancy have a considerable influence on the heat transfer present due to the
modified vortex flow structures in the ribbed coils. An empirical correlation, which is physically consistent, was
developed that permits the individual and interactive effects of pulsating force and reciprocating buoyancy on heat

transfer in the ribbed coils to be evaluated. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

To minimize fuel consumption in marine power plant
has led the thermodynamic optimization of the propul-
sive diesel engines that use extremely high cylinder
pressures and temperatures. As a typical example, a
Sulzer RTA 60C engine has a cylinder diameter of 600
mm and each cylinder is capable of delivering 2369 kW
in the speed range 91-114 rev/min. Under these condi-
tions, the maximum cycle pressure and temperature are
about 155 bar and 1500°C, respectively [1]. Heat transfer
augmentation for the internal cooling systems in the
components of the combustion chamber become essen-
tial in order to cope with the ever-increasing thermal and
mechanical loads as a result of thermodynamic opti-
mization. Due to the high effectiveness in heat transfer,
helical cooling passages are usually cast in the cylinder
wall and head within which coolant flows to convect
heat away from these regions [1]. Since the appropriately
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arranged ribs on cooling surfaces enhance heat transfer,
the helical cooling passage fitted with full circumferen-
tial ribs could be a feasible solution for further heat
transfer augmentation. Because the piston reciprocates,
the cooling concept using a ribbed helical passage in the
piston cannot be applied confidently before heat transfer
in the reciprocating environment has been investigated
and evaluated, and this is the focus of the present work.

When a thermal convective system reciprocates, the
pulsating and reciprocating buoyancy forces arise
simultaneously to modify the fluid motion and heat
transfer [2]. Depending on the geometric features of the
ribs inside the reciprocating straight ducts [3-5], the
various modes of vortices triggered by the ribs are no
longer stagnant but are unsteady due to the interactions
between rib-induced secondary flows and the periodic
reciprocating forces. The strength, spatial location and
circulating manner of these rib-induced vortex cells can
be temporally varied when the ribbed duct is recipro-
cated [3-5] or if the flows are subjected to oscillatory or
pulsatile secondary flow [6]. Flow visualization results
for angled plates submerged in oscillatory flows have
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Nomenclature

A constant coefficients
a smooth entry length
B constant coefficients

Bu  buoyancy number = (T, — Ty)w?rd/W?
Gy specific heat of coolant (J/kg K)

d hydraulic diameter of test tube (m)

D diameter of coil (m)

Dn  Dean number = Re+/d/D

e rib height (m)

/s axial location dependent coefficients

g axial location dependent coefficients

H pitch of ribs (m)

k¢ thermal conductivity of fluid (W/m K)
L land of rib (m)

Nu  reciprocating Nusselt number = ¢;d /(T — Tt)

ke
Nuy  non-reciprocating Nusselt number
n constant coeflicients

Pu pulsating number = wr/ W,
Pr Prandt]l number = uC, /k;

qr convective heat flux (W/m?)
r reciprocating amplitude (m)
Re Reynolds number = W,d/v
T; flow bulk temperature (°C)

Tw wall temperature (°C)

W mean through flow velocity (m/s)

z axial coordinate (m)

Z dimensionless axial location (z/d)

Greek symbols

p thermal expansion coefficient of coolant (K™
w angular velocity of rotating disc creating

reciprocating motion (rad/s)

I fluid dynamic viscosity (kg/ms)
v fluid kinematic viscosity (m?/s)
/3 unknown functions

10 unknown functions
Superscripts

I inner edge of helical tube

(0] outer edge of helical tube

Subscript
0 non-reciprocating state

showed the generation of a double pair counter-rotating
vortex cells with one attached to the angled plate while
the other is shed away from the plate. The detailed
growth or shedding process of these vortices depends on
the frequency of flow oscillation, the attack angle of the
plate and the maximum flow velocity [6]. Along with the
reciprocation-induced pulsating flows, which period-
ically convect cooler or warmer fluids within the duct,
the unsteady vortices in the mainstream create periodic
local heat transfer variations as a typical reciprocating
effect on heat transfer [3-5]. However, when the ribbed
helical pipe reciprocates, the unsteady pulsating and
reciprocating buoyancy forces will interact with the
centrifugally induced secondary flows in a complex
manner when the coolant flows in the rib-roughened
curved channel. Neither the mechanisms nor character-
istics of heat transfer in such reciprocating rib-rough-
ened helical passages have been explored.

A few studies [7-14] have taken into account the
effects of the imposition of oscillating and pulsatile
pressures on stationary curved pipe flows. Flows around
a planar bend with small curvature assuming a high-
frequency sinusoidal pressure oscillation could develop a
pair of secondary circulations that are additional to the
Dean vortices in the inviscid core [7]. For low frequency
oscillatory flows in the planar curved pipe, Zalosh and
Nelson [8] have showed it to be similar to the low Dean
number steady flow. In [9] the imposition of an oscil-
lating pressure wave on the curved pipe flow was shown
to have complex influences on both the axial and sec-

ondary flows. The growth and decline of secondary
circulations in the curved pipe was often accompanied
by secondary flow reversals during a pulsation cycle.
The secondary flow caused periodic transverse mixing of
fluid between the central region and the pipe wall, pro-
viding the boundary-layer-like behavior which led to the
expected Prandtl number dependency. Heat transfer was
insensitive to the pulsation at very small Prandtl num-
bers, and the Dean number had to be considerably in-
creased before the additional heat transportation
associated with the unsteady transverse mixing became
strong enough to affect heat transfer. Simon et al. [9]
also showed that the time-averaged Nusselt number was
most evidently increased at high Prandtl number, high
oscillating amplitudes and low frequencies. However,
their follow-up report [10] inferred that, as the pertur-
bation analysis might be limited to a solution of the
second order, this method might be inappropriate to
acquire accurate prediction for such a complicated sec-
ondary flow phenomena in a curved tube subjected to
oscillatory pressure, especially at low excitation fre-
quency. Thus the result showed in [9] that, for each
Dean number, Nusselt number ratios between curved
pulsatile and straight pulsatile flows passed through a
maximum value at low frequency parameter was ne-
gated in [10]. Similarly, the unsteady flows in the helical
pipe were quite complicated. Zabielski and Mestel [13]
numerically demonstrated that the cross-pipe motion
consists of three re-circulating regions, which rotated
around the center of the pipe, changing their size and
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orientation in time. They numerically showed that
Lyne’s vortices manifested themselves mainly at the
small curvature limit. The considerably increased pul-
satile amplitude developed richer secondary flow struc-
tures, as the non-linear terms became dominant. For the
heat transfer in a helical pipe with pulsatile fully devel-
oped turbulent flow, the pulsation considerably
increased the instant local and the circumferential time-
averaged heat transfer [14]. The temporally varied flow
field had a reverse phase angle with respect to the instant
heat transfer so that the instant with maximum flow
velocity in a pulsatile cycle corresponded to a minimum
local heat transfer rate. In the vicinity of outer edge of
pipe, locally maximum heat transfer values in opposition
to the minimum heat transfer levels at the inner edge
were consistently detected [14]. In summary, the pre-
vious studies of pulsatile or oscillatory flows in station-
ary curved pipes have been mostly analytical or
numerical and restricted to laminar flows. However, the
nature of pulsating or oscillatory flows in stationary
ducts is fundamentally different from reciprocating duct
flows, especially when the flow regime involves turbu-
lence [2,5]. Therefore, heat transfer modifications may
be expected in a reciprocating rib-roughened helical pipe
from its stationary state and from the pulsatile flow in a
stationary likewise helical pipe.

The present paper presents the results of an exper-
imental investigation that attempts to assess the com-
bined geometry, pulsating and possible buoyancy
interaction on the heat transfer mechanism in a recip-
rocating rib-roughened helical pipe, thus simulating a
possible cooling passage in piston. Detailed results of
local heat transfer measurements along the inner and
outer helix diameters of the ribbed pipe with and with-
out system reciprocation are initially treated. It is fol-
lowed by a parametric investigation of the coupled and
individual effects of pulsating and reciprocating buoy-
ancy forces on heat transfer with the aim to develop the
empirical correlation for such complicated heat transfer
phenomena. Finally the physically consistent empirical
equations proposed are compared with actual measure-
ments.

2. Apparatus

The reciprocating facility used for this investigation
was described previously in [2]. For completeness a brief
description of the reciprocating facility will be illustrated
along with a detailed description of the test section.
Fig. 1 shows a schematic of the reciprocating facility and
the air flow loop featuring the main components and
instrumentation. The air tank (1) that maintains the
pressure level between 6 and 8 bar was continuously
filled by a compressor (2). Before air flows into the heat
transfer test-module (3), it passes through a dryer (4), a

(1) Air tank () DC electrical motor
@ Compressor (10) Reduction gear box

() Heat transfer test module (1) Fiywheel

W Dryer (12) Counter balancing weight
(5) Pressure regulator and filler (13) Sliding track

@ Mass flow meter (14) Platform

@ Needle valve (15) Optical pick-up

(® Flow calming tube

Fig. 1. Reciprocating test facility.

pressure regulator and filter (5), a pressure transducer
and Tokyo Keiso TF-1120 mass flowmeter (6) and a
needle valve (7). The mass flow rates at the predeter-
mined Reynolds numbers measured at the flow entrance
were frequently adjusted to compensate for the varia-
tions of fluid properties due to external heating. This
was achieved by adjusting the needle valve (7) to retain
the variation of Reynolds number within +0.1%. A
straight flow calming section (8) with an equivalent
length of 20 tube diameter was installed upstream of the
coil section. The coolant flow was discharged after it
passed through the heated test module (3). System re-
ciprocation was provided by a crank-wheel-mechanism
driven by a 2500 W DC motor (9). Through the reduc-
tion gearbox (10), the flywheel (11) could be controlled
to rotate at any desirable speed measured by the optical
pick-up (15). A counter balance weight (12) was fixed on
the rotating wheel (11) in order to maintain the dynamic
balance during reciprocation. A sliding track (13) was
fitted underneath the platform (14) in order to support
the heat transfer test module (3).

The test section shown in Fig. 2 was made of a 5260
mm long, 0.5 mm thick stainless steel tube of 20 mm
inner tube diameter, with a coil diameter of 264 mm and
a pitch of 20 mm. Also depicted in Fig. 2 are the cir-
cumferential ribs made by a direct stamping action onto
the thin straight tube before it was bent into helix. Due to
the deformation of the steel pipe when the die was
“clamped” onto the smooth-walled tube, each square rib
formed did not have a perfectly sharp edge. The specifi-
cation of the ribbing geometry has been described in
terms of four non-dimensional groups defined in Fig. 2 as
e Smooth entry length/hydraulic diameter ratio

(a/d) =2.25.

e Rib height/hydraulic diameter ratio (e/d) = 0.1.

e Rib pitch/rib height ratio (H/e) =10.0 and land/
pitch ratio (L/H) =0.1.

To generate a reasonably uniform heat flux boundary

condition, the test tube was heated directly by passing an

electric current through the helical tube. An adjustable
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Fig. 2. Test section and the arrangements of ribs and thermo-
couples.

DC power supply unit that allowed control of the
heating power provided the required heating current.
Adjusting the heating power supply varies the relative
strength of the overall buoyancy level at any fixed flow
condition. The complete heated coils were wrapped and
insulated with fiberglass. For tests at the highest tem-
perature settings and reciprocating frequency, the esti-
mated heat loss during the experiment was about 9.6%
of the total heating power supply. Seventeen K-type
thermocouples were mounted along each of the two
opposite inner and outer helix diameters of the ribbed
coils (Fig. 2). These thermocouples were positioned such
that their stream-wise locations corresponded precisely
to the rib and mid-rib locations with an interval of 1.5
pitch length between the adjacent thermocouples. Two
additional thermocouples were installed into the core of
the tube to measure the fluid temperatures at entry and
exit planes to the measurement section, and these were
used to evaluate the fluid temperature rise. All the
temperature measurements were monitored and stored
on an IBM PC through a Trend-Link Fluke Hydra data
logger for subsequent data processing.

3. Experimental details

The overall experimental apparatus comprises a re-
ciprocating facility onto which the test section as shown
in Fig. 2 is attached to reciprocally move with the re-
ciprocating facility. The primary tasks of the present
investigation are to generate the heat transfer data in a
reciprocating ribbed helical passage and to derive the
reciprocating heat transfer correlation. For the particu-
lar geometric and thermal boundary conditions simu-
lated, the flow parameters involved in the heat transfer
correlation are identified from the dimensionless flow
equations. A study of the momentum conservation
equations, with the fluid motion referred to a coordinate
frame which reciprocates with the flow boundary itself,

suggests that the fluid motion is governed parametrically
by Reynolds (Re), pulsating (Pu) and reciprocating
buoyancy (Bu) numbers [2]. The physical significance of
representing the force ratio by each of these dimen-
sionless flow parameters in a reciprocating system has
been previously reported [2] while the Dean number
(Dn) is customarily defined to characterize the relative
strength of the centrifugal force arising in the curved
tube. It is thus expected that the local heat transfer on
the inner and outer edges of the ribbed test coils, ex-
pressed by the local Nusselt number, Nu, will be para-
metrically described by the following equation

Nu = ¢{Re, Pu, Dn, Bu, Pr, Boundary conditions}. (1)

All the dimensionless groups appearing in Eq. (1) are
defined in the nomenclature section and ¢ is an, as yet,
unknown function. The pulsating number, Pu, and
buoyancy number, Bu, respectively, quantify the ratio of
pulsating to inertial forces and the relative strength of
the reciprocating buoyancy effect [2]. Note that, due to
the three-dimensionality of the flow field produced in the
reciprocating coiled tube, the unknown function ¢ in
Eq. (1) is dependent on the circumferential and axial
locations on the tube surface. In the following, the de-
tailed heat transfer measurements along the inner and
outer edges of the test tube will be considered in detail.
The I and O superscripts will be adopted to, respectively,
refer to these two specific locations in the tube-wise
direction.

The experiments were conducted in the Reynolds
number range 4500-7000 with reciprocating frequencies
at 0, 0.833, 1.25, 1.67 and 2 Hz. The ranges of corre-
sponding Dean and pulsating numbers over which ex-
periments have been performed were 1050-1600 and
0.135-0.458, respectively. By systematically varying the
tube wall heat flux, a detailed observation of the buoy-
ancy number effect could be performed. For each Rey-
nolds number, Dean number and reciprocating
frequency pair tested, five heater power selections were
made to raise the tube wall temperature values to 50°C,
60°C, 80°C, 100°C and 110°C at the axial location of 54
Z. The coolant entry temperature to the test tube was
typically in the range 29-40°C and this, in conjunction
with the other specified experimental conditions, per-
mitted tests to be undertaken with buoyancy numbers in
the range 0.000325-0.00943. Due to the reciprocating
effects, the local wall temperature and heat transfer rates
were expected to be temporal functions. For each indi-
vidual test with the particular set of flow parameters, the
instantaneous wall temperature measurements for a pe-
riod of 5 s were averaged and compared with a few
following time-averaged temperature scans in order to
ensure that the flow condition had reached an equilib-
rium state. When these time-averaged temperature levels
remained within +0.5°C, the temperature data collected
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within the five-second span were stored. These temper-
ature data were subsequently used with other required
measurements to evaluate the dimensionless groups de-
fined in Eq. (1). In calculating the Nusselt number, the
local fluid bulk temperature was used to define the wall-
to-fluid temperature difference. However, due to the
difficulty of measuring fluid bulk temperatures inside the
test tube without disturbing the flow field, these fluid
temperatures were only measured at the flow entrance
and exit plane. The intermediate values of fluid bulk
temperatures were determined by means of a sequential
integration of the local enthalpy balance starting from
the location where heating was initiated. Therefore,
having the measured flow entry temperature defined as
the starting reference, the local fluid bulk temperatures
corresponding to the thermocouple positions for wall
temperature measurements were accordingly built up.
The differences between the calculated exit flow bulk
temperatures and measurements were within £6%. The
local coolant properties such as p, Cp, k¢, and u were then
defined by means of standard polynomial functions with
fluid temperature as the determinant variable. These
local properties were incorporated with other measure-
ments such as the coolant mass flow rate and recipro-
cating frequency to calculate all the dimensionless
groups in Eq. (1).

An uncertainty approximation of the data reduction
was conducted according to the procedures in [15].
Among all the measurements, one of the major sources
to attribute uncertainty was the temperature measure-
ment. As the equilibrium state of the flow system was
achieved when the locally time-averaged wall tempera-
ture variations were in the range of +0.5°C with respect
to the stable level, the maximum uncertainty in tem-
perature measurement was estimated to be +0.5°C.
With the temperature difference between wall and fluid
varying from 23°C to 68°C, the maximum uncertainty
for Nusselt, Reynolds, Dean, pulsating and buoyancy
numbers were about 16%, 4.7%, 5.1%, 1.2% and 4.2%,
respectively.

4. Results and discussion
4.1. General observations

A series of experimental tests with zero reciprocation
were undertaken to provide a reference database against
which the effect of system reciprocation could be com-
pared and assessed. Fig. 3 illustrates the typical axial
Nusselt number distributions along the inner and outer
edges for different Reynolds and Dean numbers. It is
worth noting that, because the helical pipe is oriented
horizontally in order to perform the subsequent parallel-
mode reciprocating tests, the vector angle between the
mainstream inertial and gravitational forces varies

Re = 4800, Dn = 1140
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Fig. 3. Typical axial distribution of non-reciprocating Nusselt
number.

periodically with, respectively, decelerating and accel-
erating effects in the upward and downward flow re-
gions. For all the Dean numbers tested it was typical
that the heat transfer differences between inner and
outer edges gradually developed from the flow entrance,
indicating the gradual development of Dean vortices.
Excepting the entry flow region where boundary layers
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and Dean vortices are initiated, the better cooling ef-
fectiveness was consistently found on the outer surface
near which the cooler coolant in the flow-core was
driven toward the outer edge by the centrifugal force.
As shown in Fig. 3 when the Dean number is system-
atically increased which enhances the relative strength of
the Dean vortices, the heat transfer difference between
the inner and outer surfaces correspondingly increased.
Also along both inner and outer edges, there are local
Nusselt number peaks that appear in the upward flow
regions of the first coil for all the different Reynolds
numbers. Thus the decelerating effect provided by
gravity in the upward flow region may moderate the
radial velocity distribution which leads to heat transfer
increment relative to the downward flow region [14]. In
addition to the curvature-attributed influences described
above, the rib effects create saw-tooth-like stream-wise
heat transfer variations with relatively higher Nusselt
number values appearing at the mid-rib locations.
Although the rib effects were observed in particular
when the flow approached the developed regime, the
overall heat transfer phenomena in this stationary rib-
bed helical pipe mostly followed the typical heat transfer
results in the smooth-walled helical pipes within which
the Dean vortices are the dominant flow features [14,16].
Hence the present rib design did not qualitatively alter
the fundamental heat transfer characteristics in this
stationary ribbed helical pipe. It was also noted that the
variations of heater power resulted in a relatively thin
data band on the local Nusselt number. This implies
that the gravity-driven buoyancy did not affect the non-
reciprocating heat transfer significantly within the pa-
rameter range tested.

The experimental correlations of local Nusselt num-
ber data, involving the developing flow and rib effects
are axial and circumferential location dependent as il-
lustrated in Fig. 3. Because there was neither significant
change in the coolant Prandtl number nor noticeable
buoyancy effects for the range of temperatures covered
by the experimental program, the local non-reciprocat-
ing heat transfer correlations for the inner and outer
edges were simplified into functions of Dean number
and axial location. For the entire combinations of Dean
numbers and heat flux levels tested, having the slight
variation in coolant Prandtl number with maximum
variation in the range of 1.05% has been absorbed into
the numerical coefficients of the correlations that were
derived in the form of

Nut® = A(Z) x Dn*?, (2)

Coefficients 4 and B are functions of axial location, Z,
reflecting the developing nature of the flow with regard
to boundary layer, Dean vortices and rib-associated
fluid mixing effects. Their variations along the axis of the
test pipe are listed in Table 1 and plotted in Fig. 4,
respectively.

Over the entire range of Reynolds and Dean numbers
and the heat flux levels studied, 92% of the present ex-
perimental Nusselt numbers were found to be correlated
by Eq. (2) within +13%. Nevertheless, since the Prandtl
number effects were absorbed into the coefficients of
Eq. (2) and were not included as a parameter in the
correlations that were developed, the results of this
study are essentially limited to dry air.

Observation of the axial variations of correlation
coefficients 4 and B could further reveal the effects of

Table 1
Correlative coefficients 4 and B for stationary Nusselt number, Nu,
Axial location (Z) Inner edge Outer edge
Coefficient 4 Coefficient B Coeflicient 4 Coefficient B
2.267¢ 1.3244 0.4434 2.997 0.3427
5.838 0.7747 0.5617 0.455 0.6757
9.048* 0.2253 0.7123 0.10306 0.8507
12.259 0.080 0.8677 0.057665 0.9278
15.469% 0.1403 0.7732 0.08845 0.8763
18.681 0.1549 0.7587 0.15673 0.7966
21.676* 0.156 0.7438 0.13151 0.8107
25.102 0.1836 0.7409 0.12294 0.8392
28.313* 0.4446 0.6284 0.28407 0.7841
31.524 1.0995 0.5002 0.92505 0.5887
34.737* 0.6427 0.5780 0.4174 0.6811
37.945 1.4283 0.4568 1.18634 0.5274
41.156* 0.8412 0.5114 0.56278 0.6023
44.367 2.0631 0.3916 1.2801 0.4951
47.577* 1.0351 0.4850 1.18473 0.5103
50.788 3.7714 0.3087 2.03726 0.4305
53.999* 2.4977 0.3515 2.28807 0.4129

#Rib location.
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Fig. 4. Axial variation of coeflicients 4 and B.

ribs on heat transfer. As shown in Fig. 4, coefficient 4
was initially reduced from an entry value for either inner
or outer surface. The higher value of coefficient 4 at the
flow entrance is a result of boundary layer development,
at which the flow phenomenon was accompanied by a
relatively weak inertial force effect so that the lower
value of coefficient B was observed for both edges. After
about 30 pipe-diameter, the obvious zig-zag axial vari-
ation patterns were identified for both coefficients 4 and
B on the inner and outer surfaces. Relatively higher and
lower values of coefficients 4 and B were, respectively,
found at the mid-rib and rib locations. Therefore, along
with the development of Dean vortices in the coils,
secondary rib-flow cells gradually developed to provide
an influence on fluid mixing and hence heat transfer.
Because the overall trends for coefficients 4 and B after
30 z/d still show an increasing and descending ampli-
tudes, respectively, as depicted in Fig. 4, the periodic rib-
flow cells might not yet be fully developed. For the
smooth-walled helical pipe flow, the power index of
Dean or Reynolds number in the Nusselt number cor-
relation was normally found to be 0.5. This value is
clearly less than 0.8 that is associated with straight tur-
bulent pipe flow [14,16,17]. When the full circumferen-
tial ribs were formed in the helical flow passage, the
coeflicients B at the inner and outer edges for the present
ribbed coil were found to be 0.3515 and 0.4129, re-
spectively. Such a reduction from 0.5 could be an indi-
cation of a weakened forced convective inertial effect on
the heat transfer when the rib-induced flows are gradu-
ally established. Accompanying the decay of exponent,
B, along the ribbed duct was the corresponding increase
in coefficient 4. This could be treated as an indication of
the heat transfer improvement due to the enhancing
fluid mixing in association with rib flows.

Having established the non-reciprocating heat
transfer datum and the correlation equations, the com-
parative difference between the non-reciprocating and
reciprocating results can now be examined as follows. A
general description of the heat transfer characteristics
along the inner and outer edges of the reciprocating
helical pipe will be illustrated based on two particular
sets of experimental data for Reynolds numbers of 4500
and 5500, respectively, at reciprocating frequencies of
0.833, 1.25, 1.67 and 2 Hz. As shown in Figs. 5(a) and
(b) for any fixed Reynolds and Dean numbers, the in-
crease of reciprocating frequency in these two figures
caused subsequent increases in pulsating number and
therefore increased the relative pulsating to inertial force
ratio. Along the outer edge, it was typical to find that the
wall temperatures of the reciprocating test coils were
temporally varied under the basically uniform heat flux
heating condition, which implies the temporal heat
transfer variations. The range of such temporal Nusselt
number variations at each axial location is indicated as a
data bar shown in Figs. 5(a) and (b) with the time-
averaged heat transfer level marked. As shown, the most
noticeable amplitude of temporal variation of the Nus-
selt number only appeared at the outer surface, the ex-
tend of which increased with the pulsating number. In
the upward flow region of the outer surface, the rela-
tively larger data span was measured indicating the
evolution of rich time-varied vortex flow structure.
Because significant temporal Nusselt number variations
were detected on the outer surface, it may be speculated
that the flow structures affecting the centrifugal and rib-
induced secondary flow cells near the outer edge of the
helical pipe underwent considerable temporal variations.
Around the pipe center and along the radial flow di-
rection, these vortex flow cells could periodically sway,
evolve and oscillate in the reciprocating ribbed coils with
their evolution and circulation manners affected by the
relative strengths of inertial, pulsating and buoyancy
forces. As shown in Fig. 5, the regions with violent
temporal vortex variations usually appear as large time-
varied oscillatory amplitudes of Nusselt number at
which fluid mixing could be accordingly improved
leading to local heat transfer peak values. These obser-
vations are consistent with the heat transfer data re-
ported for a reciprocating straight duct fitted with 90
degree transverse ribs [4]. In the present case, the tem-
poral Nusselt number variations along the inner surface
are not clearly evident.

As shown in Fig. 5(a) when the reciprocating fre-
quency increases from 0.833 to 2 Hz with Dn = 1070, the
heat transfer difference between the inner and outer
edges is gradually reduced. This observation has led to
an indication of weakened Dean vortices as a result of
enhancing the reciprocating force. Conversely as shown
in Fig. 5(b) when the Dean number remains at 1300, the
heat transfer difference between the inner and outer
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Fig. 5. (a) Typically axial distributions of reciprocating Nusselt number at Dean number of 1070 with pulsating numbers of 0.187,
0.289, 0.371 and 0.458. (b) Typically axial distributions of reciprocating Nusselt number at Dean number of 1300 with pulsating

numbers of 0.163, 0.243, 0.324 and 0.386.

edges gradually increases, which implies a strengthening
of the Dean vortices due to the enhancement of recip-
rocating force. Thus when the Dean vortices are weak-
ened, Fig. 5(a) shows the corresponding overall heat
transfer reduction when the pulsating number increases
from 0.187 to 0.458. However, as shown in Fig. 5(b),
where the Dean vortices may be enhanced as a result of
increasing the reciprocating force, the overall heat
transfer levels are gradually improved and this occurs
when the pulsating number increases from 0.163 to
0.386. One speculation to explain the result found in
Figs. 5(a) and (b) is the respective cancelling and en-
hancing effects between rib-induced secondary flow cells
in the reciprocating environment with the appearance of
Dean’s and Lyne’s vortices in unsteady curved pipe flow.
Thus the pulsating force alone could either impede or
enhance heat transfer, whose effect depends on the in-
teractions with centrifugally driven vortices character-
ized by the other flow parameters listed in Eq. (1).

Nevertheless, Figs. 5(a) and (b) indicate different flow
interactions when the pulsating number increases. The
data showing the temporal Nusselt number variations
along the outer edge always increase, indicating that the
outer edge undergoes rich variations of secondary flow
structures. This particular heat transfer phenomenon
does not appear on the inner edge where the temporal
Nusselt number variations are usually weak as indicated
in Figs. 5(a) and (b). A possible net result occurring at
the inner edge could be the moderation of large-scale
temporal variations of the vortex cells. As shown in
Figs. 5(a) and (b), the cyclical ripples in the axial heat
transfer distributions with the relative heat transfer in-
crement in the upward flow region of the inner surface
shown in Fig. 3 are considerably suppressed when the
ribbed coils reciprocate. Therefore the centrifugal and
rib-induced vortex flow cells were experiencing the
complicated interactive merging or enhancing process
triggered by the periodic pulsating forces. Due to the
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various degrees of interactive effects between recipro-
cating and centrifugal forces with the rib-induced sec-
ondary flows, the heat transfer differences between the
inner and outer edges at a fixed Dean number could be
either increased or decreased with the pulsating number
as shown in Fig. 5. In particular, the subsequent influ-
ence of weakened Dean vortices on the overall heat
transfer performance could sometimes lead to heat
transfer reduction from the non-reciprocating situation,
which will be illustrated in the following section when
the reciprocating and non-reciprocating heat transfer
data are compared.

To reveal the reciprocating buoyancy effects on heat
transfer, the time-averaged reciprocating Nusselt num-
ber data collected at fixed Reynolds, Dean and pulsating
numbers with different heating levels are compared. Fig.
6 typifies the axial distributions of time-averaged recip-
rocating Nusselt numbers along inner and outer edges of
the ribbed coils in correspondence with five ascending
buoyancy levels for nominal Reynolds number of 4500
at reciprocating frequencies of 0.833, 1.25, 1.67 and 2
Hz. In general, the better heat transfer on the outer edge
relative to its inner counterpart was still evident due
to the cross-stream Dean vortices, even when both
reciprocating forces and rib-induced flows were present.
As the buoyancy level increased by increasing the heat
flux, the considerable upward data spread of Nusselt
number appeared at each measured station for both
inner and outer edges which demonstrated the beneficial
buoyancy effects on heat transfer. A relatively large data
spread, driven by the buoyancy variation was consis-
tently found at the outer edge, reflecting larger buoyancy
effect on this surface. Also indicated in each individual
plot in Fig. 6 are the equivalent Nusselt number values
from a stationary test section obtained at the same
Reynolds and Dean numbers. As shown, when the
buoyancy number remained at the lower levels, the local
Nusselt numbers could be considerably reduced due to
system reciprocation. By gradually increasing the
buoyancy level at any set of Reynolds, Dean and pul-
sating numbers, a heat transfer increment due to the
increase of buoyancy number was evident. Such a ben-
eficial effect on heat transfer could subsequently lead to
relative heat transfer enhancement from the non-recip-
rocating heat transfer datum.

It is evident that the heat transfer in the reciprocating
ribbed helical coils involves a complex interactive
mechanism between the force ratios of convective iner-
tial, centrifugal, pulsating and reciprocating buoyancy
forces. To further illustrate the individual effects of these
force ratios on heat transfer in terms of Reynolds and
Dean numbers, the reciprocating Nusselt number, Nu,
was scaled relative to the equivalent non-reciprocating
Nusselt number level, Nuy, under conditions with the
same Reynolds and Dean numbers. This was achieved
by fixing the pulsating and spatially averaged buoyancy

numbers while comparing the scaled Nusselt number
data, Nu/Nug, generated from two different sets of
Reynolds and Dean number tests. By using different
reciprocating frequencies this shows the individual
Reynolds and Dean number effects on reciprocating heat
transfer. Fig. 7(a) compares the scaled heat transfer data
generated at Reynolds numbers of 4400 and 6800 with
the same pulsating number of 0.2. In Fig. 7(a), two pairs
of comparisons with the averaged buoyancy numbers of
0.00082 and 0.00121 are illustrated. Similarly, at the
same pulsating number of 0.29 with different Reynolds
numbers of 4600 and 6400, the scaled Nusselt number
data were compared for two different averaged buoy-
ancy numbers of 0.00157 and 0.00263. As shown in Figs.
7(a) and (b), although the pulsating and spatially aver-
aged buoyancy numbers were fixed, the axial distribu-
tions of Nusselt number ratios, Nu/Nuy, generated from
two different sets of Reynolds and Dean number tests
did not collapse onto a single data band. In general, the
lower values of Reynolds and Dean numbers gave
higher Nusselt number ratios. This observation indicates
the effects that Reynolds or Dean numbers have on heat
transfer were modified by the reciprocating forces. In
either Fig. 7(a) or Fig. 7(b), the higher the averaged
buoyancy numbers were, the higher the Nusselt number
ratios appeared. By increasing the buoyancy number
from 0.00157 to 0.00263 as shown in Fig. 7(b), the
Nusselt number ratios, Nu/Nug, could be increased from
values of less than 1.0 to levels greater than 1.0. The
results shown in Figs. 6 and 7 suggest that the role of
reciprocating buoyancy force for the heat transfer
modifications in the reciprocating ribbed helical coils is
significant.

4.2. Parametrical presentations of heat transfer on inner
and outer edges

Figs. 6 and 7 demonstrated the strong interactive
effect between convective inertial, centrifugal, pulsating
and reciprocating buoyancy forces. As illustrative ex-
amples to reveal the overall coupling effect of pulsating
and buoyancy force ratios on heat transfer, Fig. 8
shows the plots of scaled Nusselt number ratios,
Nu/Nuy, against buoyancy number, Bu, for all the axial
locations measured along the inner and outer edges. As
shown, there is a tendency for all the data to collapse
onto a data band for both edges with data spread
driven by the changes of pulsating and Dean numbers.
Also the heat transfer modifications made by the re-
ciprocating forces gradually appear downstream. Along
both edges there is an initial impediment to the relative
heat transfer with subsequent recovery when the
buoyancy number increases. With the presence of re-
ciprocating buoyancy effects, the reciprocating heat
transfer could be reduced to about 62% of the equiva-
lent non-reciprocating Nusselt number value when the
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ribbed helical coils reciprocate. The coupling of indi-
vidual effects between pulsating and reciprocating
buoyancy forces is further illustrated in Fig. 9. As
shown in Fig. 9, the existence of such coupling effects
between pulsating and reciprocating buoyancy forces is
demonstrated when the variations of Nusselt number

ratios, Nu/Nuy, driven by the change in buoyancy
number at fixed pulsating numbers are compared. For
the heat transfer data at each pulsating number com-
prises five data points with ascending buoyancy level,
(BT, — T;). This shows a linear-like increase of the
scaled reciprocating Nusselt number as the buoyancy
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number is increased. However, to preserve the physical
consistency, the coupling noted between the pulsating
and buoyancy numbers shown in Fig. 9 must be such
that as the buoyancy number becomes zero (by elimi-
nating the wall-to-fluid temperature difference), the re-
ciprocating Nusselt number must still be affected by the

pulsating number. The zero buoyancy case applies for
example to the analogy of mass transfer from the wall
to the fluid in these reciprocating ribbed helical coils. In
this case pulsating and centrifugal force driven sec-
ondary flows and their related phenomena will still alter
the mass transfer even in the absence of buoyancy. Such
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zero buoyancy scenarios are not strictly possible in
practice since the heat transfer tests require a finite wall-
to-fluid temperature differences. Nevertheless, the zero
buoyancy pulsating number effect may be inferred by
extrapolating the heat transfer data taken at a specified
pulsating number to the buoyancy number of zero.

Some selective data to illustrate this extrapolating
procedure are also depicted in Fig. 9.

In addition to the fact that the Nusselt number ratios,
Nu/Nuy, increase with the buoyancy number for all the
fixed pulsating numbers tested, the slopes of the indi-
vidual correlation curves shown in Fig. 9 tend to be



S.W. Chang, L.M. Su | International Journal of Heat and Mass Transfer 44 (2001) 3025-3042 3037
Z=28313
Quter edge Inner edge
a 3
N YT 014 [ M T[T 014 [
NH(-O — 020 O Mu, = DLW O
| Puq0.24 F | Fuq0.24 N7
2 | 032 A 2 |— 032 A
— 0.38 @ [ 03 @
WA
l
0 0002 0004 O0O0DDS 0008 o 0002 0004 o0o00CE QOO0B
Buoyancy number (Bu) Buoyancy number {(Bu)
Zero buevancy level Zero moyancy level
Z=137954
Outer edge . Inner edge
o 0138 M e T L 0130 [
N ° — 017 O TR oW Q
Pui0241 17 [~ Puin24l 7
2 }— 298 A 2 - L RAN
— o3 @ — 0320 4
¥ =
{ 177
R T B T T AOVER S B B I R
0 002 0004 ODOOE 0008 0002 06004 0O0CS 0008
Buovancy number (Bu} Buacyancy number (Bu)
Zeto buoyanes level Zero budvancy level
Fig. 9. Extrapolating heat transfer results into zero buoyancy level.
Z-31524
— T reduced when the pulsating number increases. The
— 4 0 7 269 physical implication of this slope reduction with increase
160 }— = & ° g . .
° ) P = TE of pulsating number is the weakened buoyancy effect
N .‘& when the relative strength of the pulsating force is en-
— hanced. Fig. 10 demonstrates the pattern of variation of
7= 9.023-1%.51 «Pu) . . .
g ‘00— Py = 0.5414x¢! these slopes against pulsating number along the inner
g — and outer edges at an axial location of Z = 31.524. As
k] - shown in Fig. 10, the variation in slopes tends to col-
500 — Y lapse onto a tight data band following the exponential
- O Outer edge i .. .
- = Lner ed ‘Q% decay. Similar results are observed for the data points
| @ loneredge P ™) ] - .
B | - S collected from all the different axial locations along the
o T - 1 -~ —l= e coil. Because the patterns of variation for these data
o 3 £ .

Pulsating number (Pu)

Fig. 10. Variations of function ¢, at axial location of
Z =31.524.

show little differences between inner and outer surfaces,
it raises the possibility that the coupling between buoy-
ancy and pulsating forces could be isolated from the
effects of cross-stream Dean vortices.
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Another important feature revealed in Fig. 9 con-
cerns the precise data values that define the zero-buoy-
ancy Nusselt. As an illustrative example, the
extrapolated zero buoyancy results over all the ranges of
pulsating numbers for the inner and outer edges at
Z =21.676 are shown in Fig. 11. As shown on both
inner and outer edges, the most severe heat transfer
impediment brought by the pulsating force alone could
reduce heat transfer levels to about 53% of the non-re-
ciprocating references at a pulsating number of about
0.24. Thus the weak reciprocation demonstrates the
stabilizing effect or the cancellation of vortex strength,
leading to significant heat transfer reductions. However,
a subsequent heat transfer recovery tendency gradually
develops when the pulsating number continuously in-
creases as depicted in Fig. 11.

On completion of the extrapolation procedure, this
zero buoyancy heat transfer data were combined with
the raw data to provide a reference datum from which
the buoyancy interaction initiates. Using these extrapo-
lated data and the measured heat transfer results, but
applied to each measured location, it is possible to
construct the variation patterns of Nusselt number ratio,
Nu/Nuy, against the pulsating number in Fig. 12 for a
range of buoyancy levels. Because the relative strength
of the buoyancy force is correspondingly enhanced by
the increase of pulsating number (under an approxi-
mately similar range of wall-to-fluid temperature differ-
ences; Ty, — Tr), the data spread driven by the variation
in buoyancy number shown in Fig. 12 increases with the
pulsating number. As the buoyancy interaction within
this particular parametric range shows beneficial effects
on heat transfer enhancement, the data spread from the
zero-buoyancy reference datum is driven upward with
the increase of buoyancy number as shown in Fig. 12.
Therefore, heat transfer improvement relative to the

non-reciprocating data is mainly attributed to the
buoyancy interaction.

The general effect of reciprocation on heat transfer in
terms of the dimensionless groups shown in Eq. (1)
within the test tube has been demonstrated. However, if
the interactive effects in association with the Dean
number were absorbed into the coefficients in the cor-
relation for assessing the influences of reciprocation on
local heat transfer, the simplified version of the corre-
lation could be argued to take the form of

Nu'0

= ¢(Pu,Bu,Z). (3)

The mathematical structure of the function ¢ in Eq. (3)
has to satisfy the following two physical constraints.
Firstly, the function ¢ has to be unity when the pul-
sating number is zero, reflecting the non-reciprocating
forced convection solution. Secondly, as the buoyancy
number approaches zero there is still a pulsating force
driven heat transfer modification, which has been illus-
trated in Figs. 9 and 12. In Fig. 9, at each axial location
with a range of pulsating number values demonstrated
that the relative Nusselt number ratio, Nu® /Nuy, could
be a linear function of the buoyancy number. The lines
shown in Fig. 9 are a linear regression of the experi-
mental data and they have been extrapolated to the zero
buoyancy level. The evidence depicted in Fig. 9 and the
restrictions on the functional form of Eq. (3) have led to
the proposal that a possible specific form of the corre-
lation could be

Nu'©
Nllo

:lﬁl(PI,l7Z)+lp2(Pu,Z)Bu7 (4)

in which , and , are functions of the pulsating
number and the dimensionless axial location. Note that
¥, has to be unity at zero pulsating number to meet the
first physical constraint cited above. In order to deter-
mine the functional shapes of i, and /,, a series of cross
plots based on Fig. 9 but applied to the entire range of
axial locations were performed to interpolate a series of
curves for Nu'© /Nu, against the pulsating number for a
range of specified buoyancy levels. Figs. 10 and 11 show
typical examples of the manner in which ¥, and y,
varied with the pulsating number.

Led by a detailed examination of all the axial loca-
tion versions of Figs. 10 and 11, it is proposed that v,
and , can be reasonably well approximated by the
following general forms, which simultaneously satisfy
the second constraint.

¥y =1+ /(Z)Pu+ f2(2) P, (5)
W, = gl(Z) e(gz(Z)fmZ)xM)7 (6)

where the f; and g, are functions of the non-dimensional
axial locations, Z. These structures can be applied to
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Fig. 12. Variations of extrapolated and experimental heat transfer data with pulsating number.

both inner and outer surfaces but with different f; and g
functions. Note that, examining Eq. (5) shows that
becomes unity at zero pulsating number, which satisfies
the zero reciprocating forced convection limiting case.
Tables 2 and 3 list the numerically determined curve fits
for the f; and g, function values over the inner and outer
edges at all the axial locations measured.

The prediction of time-averaged heat transfer in a
reciprocating helical tube fitted with full circumferential
ribs is a formidable task owing to the complex interac-
tion between the normal forced convection in the coils
and the combined influences of pulsating force and re-
ciprocating buoyancy. Fig. 13 compares a selection of
the experimental data generated from the present study
with the empirical prediction from Egs. (4)—(6). Over the
entire range of experimental data obtained, 88% of the
present experimental Nusselt numbers were found to
agree within +20% of the proposed correlation. Con-
sidering the overall complexity of this reciprocating sit-
uation, the proposed correlation offers a good indication
of the likely effects of the combined interaction of pul-

sating force and reciprocating buoyancy on heat transfer
over the inner and outer edges of the ribbed coils. The
experimental approach developed in this study for de-
riving the design friendly correlation based on a physical
interpretation of the governing flow equations may be
adopted for other reciprocating ducted flow heat trans-
fer problems with different geometries, which could be
refined to deal with more sophisticated problems.

5. Conclusions

This experimental study has examined the forced
convective heat transfer in a reciprocating helical pipe
fitted with periodical full circumferential ribs with par-
ticular reference to the heat transfer enhancement of the
internal cooling passages of a cooled piston. In conclusion
the following observations result from this investigation.

(1) With the presence of a spatially periodic flow field
caused by ribs in a stationary helical pipe, the consid-
erable centrifugal effects generate cross-stream Dean
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Table 2
Functional values of fi(Z) and f>(Z)
Axial location (Z2) Inner edge Outer edge
f1(2) £(2) f1(2) £(2)
2.267* -2.404 4.35 -3.73 7.198
5.838 —3.447 7.323 —-3.957 7.238
9.064* -2.795 3.041 -3.737 4.687
12.259 -5.617 14.88 —6.54 13.84
15.469* -3.1 4.297 -3.962 7.421
18.681 -39 8.072 —-3.748 7.06
21.676* -3.507 6.806 -3.558 6.814
25.102 -3.889 8.059 -3.22 4.99
28.313* —3.888 8.056 —4.815 8.677
31.524 —4.856 9.743 —-5.941 11.67
34.734° —2.948 3.205 -5.225 10.83
37.945 -2.897 4.368 -3.543 4.538
41.156* -3.2 7.448 -3.322 4.404
44.367 -3.173 4.39 —4.098 4.513
47.577* -2.273 3.028 —-4.508 5.855
50.787 -3.389 4.432 —4.532 8.146
53.999* —2.555 1.007 -3.206 4.053
4Rib location.
Table 3
Functional values of g,(Z), g,(Z) and g;(Z)
Axial location (Z) Inner edge Outer edge
81(Z) &(Z) 8(2) 81(Z) &(Z) 8(Z)
2.267* 3.242 6.472 8.4 0.4377 9.795 14.28
5.838 7.868 6.611 10.95 0.9991 7.545 6.953
9.064* 0.6555 8.702 8.161 6.939 6.509 8.703
12.259 4.261 7.834 8.18 6.101 6.322 7.583
15.469* 6.101 5.859 6.469 6.286 5.932 6.706
18.681 5.386 6.262 8.461 6.576 5.677 6.284
21.676* 0.6039 8.054 7.669 3.1208 0.1015 8.579
25.102 0.3662 8.515 6.614 5.829 6.049 7.172
28.313* 0.432 9.356 11.06 5.851 6.536 8.151
31.524 0.5414 9.023 10.51 7.269 6.618 8.887
34.7342 0.67 8.428 8.844 6.423 6.615 10.25
37.945 0.1795 10.1 11.96 1.499 6.94 6.373
41.156* 0.2306 4.788 9.155 1.257 8.031 9.524
44.367 3.189 6.548 8.389 0.9851 8.2 9.955
47.577* 0.7779 8.054 9.029 2.32 8.058 10.96
50.787 3.956 7.326 11.91 5.729 7.018 11.63
53.999* 1.7206 8.254 10.89 5.398 5911 7.445

#Rib location.

vortices and result in peripheral heat transfer variation
with relative high heat transfer on the outer edge com-
pared with that on the inner edge. A set of experimental
correlations was derived for the local non-reciprocating
Nusselt number along both the inner and outer edges.
The variation patterns of their constitutional coefficients
verify the appearance of a spatially periodic heat
transfer in the ribbed helical coil after the coolant has
traveled about 30 pipe-diameter.

(2) The periodicity of reciprocating forces interacting
with centrifugal and rib-associated secondary flows re-
sulted in, respectively, lower and higher temporally os-
cillatory Nusselt number variations along the inner and
outer edges of the reciprocating ribbed helical coils.
Considerable heat transfer differences between the inner
and outer edges were still evident in the reciprocating
ribbed helical coils. Nevertheless, due to the stabilizing
effect or vortex flow cancellation caused by weak recip-
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Fig. 13. Comparison of proposed correlations with experimental data points.

rocation, considerable heat transfer impediment from
the non-reciprocating reference datum was found.

(3) Experimental evidence shows the mutually af-
fected coupling effects between rib-associated flows and
the centrifugal, inertial, pulsating and buoyancy forces
on heat transfer. In this respect, it seems that the
coupling between buoyancy and pulsating forces could

be isolated from the effects of cross-stream Dean vorti-
ces. When the reciprocating buoyancy effect was present
in isolation, it provided consistent heat transfer en-
hancement which could sometimes lead to heat transfer
improvement relative to the non-reciprocating reference.

(4) By extrapolating the experimental data to the
implied zero buoyancy condition, it has been possible,
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to isolate the effect of pulsating and centripetal buoy-
ancy on heat transfer over the inner and outer edges
for the rib-affected reciprocating helical pipe flow.
These zero buoyancy solutions seem to be independent
of the location with respect to the reciprocating effect
in terms of scaled Nusselt number, Nu/Nu,. For pul-
sating force effect alone, the most severe heat transfer
impediment took place at about a pulsating number of
0.24 under which condition the heat transfer levels
could be reduced to about 53% of the non-reciprocat-
ing reference. Such heat transfer impediment has to be
considered particularly when the method of surface
enhancement was adopted in the reciprocating helical
coils.

(5) The proposed correlation for the inner and outer
edges permits the individual and combined effects of
pulsating force and reciprocating buoyancy in the ribbed
coils to be taken into account.
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