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This paper describes an experimental investigation of heat transfer in a reciprocating antigravity open

thermosyphon. The thermosyphon tube is square in cross section, and two opposite walls are roughened with

staggered transverse ribs. This flow/heat-transfer system has relevance, as a fundamental study, to the shaker-

cooling system for the pistons of reciprocating engines. A series of experiments are undertaken to demonstrate the

complex interaction that exists between inertial, reciprocating, and buoyancy forces on the performance of this form

of cooling system. It is shown that reciprocation of the system significantly improves heat transfer in comparisonwith

the stationary antigravity thermosyphon performance. The buoyancy effects from gravity and reciprocation

improve heat transfer. Reductions in the effectiveness of buoyancy forces are producedwhen the relative strengths of

inertial or/and pulsating forces increase. In the extrapolated case of zero buoyancy, it was found that the local heat

transfer along the thermosyphon tube was reduced in comparison to the static case at relatively low levels of

reciprocation frequency. As the reciprocation frequency was increased, this effect was reversed and heat transfer

improved in comparison with the stationary case.

Nomenclature

A = correlation coefficients
As = entire heated surface area of the thermosyphon tube,

m2

a = crank radius (reciprocating amplitude), m
Cp = specific heat of coolant, J � kg�1 � K�1
d = hydraulic diameter of the test duct, m
e = rib height, m
F = reciprocating frequency, Hz
Grg = gravitational Grashof number, g�0d

3�Tf=�
2
0

Grp = reciprocating Grashof number, a!2�0d
3�Tf=�

2
0

g = gravitational acceleration, m � s�2
H = height of the thermosyphon, m
Hp = height of the plenum chamber, m
h = local convective heat-transfer coefficient, W �m�2 �

K�1

k = thermal conductivity of coolant,W �m�1 � K�1
l = land of the rib, m
_m = total amount of mass flow rate fed into the

reciprocating system, kg � s�1
Nu = reciprocating Nusselt number, hd=kf;0
Nu0 = nonreciprocating Nusselt number

n = exponent of exponential function in Nu=Nu0
correlation

P = dimensionless flow pressure, p=�w2
m

Pi = pitch of the ribs, m
Pr = Prandtl number, �Cp;0=kf;0
Pu = pulsating number, !d=wm
p = flow pressure, N �m�2
p0 = pressure perturbation from hydrostatic pressure of

reciprocating flow, N �m�2
Q = heating power transferred into the thermosyphon, W
q = local convective heat flux, W �m�2
Re = �0wmd=�0

T = fluid temperature, �C
T0 = temperature at the entrance of the thermosyphon, �C
U, V,W = dimensionless flow velocity vectors, �u; v; w�=wm
u, v, w = flow velocities, m � s�1
Wd = width of the plenum chamber, m
wm = reference flow velocity, m � s�1, _m=��0d2�
x, y, z = coordinates, m
X, Y, Z = dimensionless coordinates �x; y; z=d�
�, � = functional coefficients of heat-transfer correlation

for the static thermosyphon
� = thermal expansion coefficient of coolant, K�1

� = nondimensional temperature
� = dynamic viscosity of coolant, kg � s�1 �m�1
� = kinetic viscosity of coolant, �=�
� = coolant density, kg �m�3
� = dimensionless time, !t
’ = unknown functions
	 = dimensionless flow pressure
! = angular velocity of rotating disc creating

reciprocating motion, rad�1

Subscripts

f = fluid
w = wall condition
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ZB = zero-buoyancy condition
0 = reference condition at temperature T0

Introduction

T HE thermodynamic advantages obtained by operating heavy-
duty marine diesel engines with a high compression ratio and

maximum combustion temperature stimulate an active quest for
improving performance and economy. To obviate the need for
heavy-duty reduction gearboxes with an attendant reduction in
weight, the propeller is directly driven by the propulsion diesel
engine. Therefore, a larger-than-normal stroke-to-bore ratio is
required to achieve the low engine speed required to match the
characteristics of the engine to the directly driven propeller.
However, the use of a high stroke-to-bore ratio combined with a high
compression ratio and high combustion temperature greatly
increases the thermal and mechanic loads imposed on the piston.
Therefore, intensive piston cooling is necessary if the mechanical
integrity and life of the engines are to be maintained at a
commercially realistic level.

A variety of piston-cooling schemes have used internal forced
convection, impingement, and the so-called shaker/bore-cooling
concepts. Figure 1 typifies the multibore shaker-cooling systems in
the pistons of the Sulzer RTA diesel engine series. As shown, the
coolant in each of these blind passages is convected from and to the
plenum chamber in the tubewise direction when the piston
reciprocates. Penetrations of coolant into the blind passages are
facilitated by the vortical cells in the blind tube [1] and by the
impinging jet for the convective and impinging shaker-bore systems,
respectively. The plenum chamber acts as reservoir that provides a
thermal sink for the coolant in the blind bores to exchange heat with
the bulk flow in the plenum chamber. Because the tubewise
directions of the inclined blind bores are no longer parallel to the
reciprocating forces, temporally varying cross-plane secondary
flows are also induced.

Studies of static open-cavity flows have demonstrated that the
penetration of coolant in each blind passage is influenced by the flow
pattern across its open surface and also by the geometrical features of

the passage and the plenum chamber [2,3]. Decreasing the aspect
ratio of the cavity (i.e., a deeper cavity) generally increases the
vortices formed in the passage and weakens the vortex in the vicinity
of the sealed end [4]. During the transient development of the flow
over the open cavity, the rate of mass exchange of the fluid inside the
cavity is enhanced [4]. When the periodicity of the buoyancy forces
in the closed cavity flow is introduced (either by the periodical
heating condition [5,6] or by the vibration of solid boundary), rich
vortical flow structures are established in these enclosures [7]. The
processes of vortex generation, convection, and diffusion for these
enclosed flows are dynamic and depend on the oscillating frequency
and amplitude of the boundary conditions imposed [6–9]. In general,
buoyancy effects induced by vibration improve heat transfer.

Studies of enclosed flows that involve vibrational buoyancy [5–
12] share a degree of similaritywith the cooling geometry depicted in
Fig. 1. However, subtle differences exist between the reciprocating
forces and the flow interactions initiated in the open-ended region of
each blind bore of the piston shaker-cooling networks. Because the
sealed end of the piston-cooling passage is vertically above the
entrance to the coolant reservoir, there is a tendency for the coolant to
stratify, with regions of hot coolant trapped in the vicinity of the
sealed end due to gravitational free convection when the system is
static. This class of flow system has been referred to as an antigravity
open free-convection thermosyphon in the technical literature. The
additional superimposed effect of reciprocation on the system has led
to the piston shaker-cooling method being categorized as a
reciprocating antigravity open thermosyphon.

It is well known that the performance of internal cooling passages
for the more critical components of a power plant may be improved
by the use of artificially roughened surfaces. In this respect, the use of
ribs or fins is particularly attractive. Thus, the performance of the
piston shaker-cooling method could be further enhanced if some
form of ribbing was applied to the internal surfaces of the
thermosyphon tubes. Although the use of surface ribs has been a
subject of much fundamental research over the years ([13–15], for
example), few research investigations of the flow and heat transfer in
reciprocating ribbed channels have been undertaken [16–19].
Indeed, no previous researchers have investigated heat transfer in the
antigravity reciprocating open thermosyphon with rib-roughened
walls.

The unsteadiness of the reciprocating forces have been shown to
have considerable effect on the dynamic structures of vortices and
secondary flows induced in channels fitted with ribs , and these
effects may improve or impede heat transfer [18,19]. The effect of
ribs on duct flow heat transfer depends on the external force field
present and on the geometric nature of the ribs themselves [13–22].
Thus, the lack of fundamental knowledge concerning the
performance of this particular cooling geometry, despite its apparent
engineering application, has been the motivation for the present
investigation. The present paper describes the results of a series of
experiments aimed at studying the effect of reciprocation on heat
transfer in a square-sectioned antigravity open thermosyphon with
two opposite walls roughened by the use of staggered transverse ribs.
The direction of the reciprocation is along the central axis of the open
thermosyphon tube.

Initially, the heat-transfer performance of the static antigravity
open thermosyphon was investigated. In this way, a benchmark
database was established with which to compare the effect of the
thermosyphon reciprocation. The following phase of study involved
a systematic investigation of the combined effect of the gravitational
free convection with the system reciprocation. The range of
experimental parameters coveredwas typical of those encountered in
the real engine case. Thus, the interactive effect of the buoyancy due
to the Earth’s gravity and the effective body force created by the
reciprocation, together with a transient inertial force due to
reciprocation, has been revealed.

Experimental Strategy

Figure 2 illustrates the simplified geometric flow system being
studied to simulate the piston shaker-cooling concept. The

Fig. 1 Multibore shaker-cooling system in the pistons of the Sulzer

RTA diesel engine series.
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thermosyphon tube and the fluid reservoir reciprocate and coolant
flows into and out of the reservoir, as illustrated in the figure. The
thermosyphon tube is square in cross section, with two opposite
walls rib-roughened, as shown. The two ribbed walls are uniformly
heated, and the two opposite walls are adiabatic. The vortical cell
triggered by the crossflow in the fluid reservoir induces a counter-
rotating vortex, after which the vortices are sequentially induced
along the thermosyphon tube. These vortical cells construct the main
flow structure in the thermosyphon tube,which leads the dependency
of cooling performance on the geometries of reservoir and
thermosyphon tube. When heat fluxes are supplied from two
opposite rib floors, the heated coolant generates surface flows, either
driven by the Earth’s gravity or by the reciprocating acceleration,
toward the blind end of the thermosyphon tube. Surface ribs
periodically perturb the inward buoyancy flows, which affects the
vortices and boundary layers in the thermosyphon tube. The presence
of buoyancy flow adds the additional complexities for the fluid flow
and heat-transfer process, in particular, for theflow region adjacent to
the blind end of the thermosyphon tube. Nondimensional groups that
describe these physical processes present in this flow/heat-transfer
system may be derived as follows.

The oscillatory motion produced by the engine piston is not truly
sinusoidal and depends on the ratio of the connecting rod length to
the crankshaft.When this ratio is greater than eight, the reciprocating
motion is well approximated as a simple harmonic in nature [23]. In
this case, the oscillatory motion of the flow systemmay be described
as

z� a sin�!t� (1)

Consider the Cartesian coordinate reference frame shown in
Fig. 2. The origin of the frame oscillates and the fluid velocity
components relative to this origin are u, v, and w in the coordinate
directions x, y, and z, respectively. The z-direction momentum
conservation equation for a fluid having constant properties may be
written as

�0

�
@w

@t
� u @w

@x
� v @w

@y
�w@w

@z

�
��rp� �0r2w

� �0�g� a!2 cos�!t�	 (2)

where t is time, �0 is the fluid density, and �0 is the fluid viscosity.
The fluid density and viscosity are evaluated at a reference
temperature T0.

For the case of constant property flow, the effect of the
reciprocation may be considered as an effective body force (i.e., an
artificial time-dependent gravity). Thus, for the case of zero flow, the
pressure generated inside the system will be a modified
gravitationally induced hydrostatic pressure p0, given by

@p0

@z
���0�g� a!2 sin�!t�	 (3)

If the fluid has a temperature-sensitive density, heating of the fluid
will create buoyancy forces via the Earth’s gravity and the
reciprocating effective body force. The density of the fluid at any
temperature may be linked to the reference density via an equation of
the form

�� �0�1 � �0�T � T0�	 (4)

where �0 is the coefficient of cubical expansion.
Insertion of Eq. (4) into Eq. (2) and introducing the Boussinesq

approximation yields

�
@w

@t
� u @w

@x
� v @w

@y
� w@w

@z

�
�� 1

�0
rp0 � �0r2v

� �0�T � T0��g� a!2 sin�!t�	 (5)

wherep0 is the algebraic difference between the true pressure and the
hydrostatic pressure specified by Eq. (2).

The conservation of energy equation is

@T

@t
� u @T

@x
� v @T

@y
� w@T

@z
� k0
�0Cp;0

r2T (6)

where k0 and Cp;0 refer to the thermal conductivity and the constant
pressure specific heat of the fluid, respectively, also evaluated at the
reference temperature.

The nondimensional groups that parametrically govern the flow
and temperature fields may be determined using the following
transformations of the dependent and independent variables.

X� x
d
; Y � y

d
; Z� z

d
(7)

U� u

wm
; V � v

wm
; W � w

wm
(8)

	� p0

�0w
2
m

; �� �T � T0�
�Tf

; � � !t (9)

In Eqs. (8) and (9), d is a characteristic system length,
conveniently taken to the hydraulic diameter of the square-sectioned
thermosyphon tube, andwm is a characteristic fluid velocity, defined
as

wm � _m=��0d2� (10)

where _m is the coolant flow rate passing through the reservoir, and
�Tf is the temperature rise of the fluid passing through the reservoir,
given by

�Tf �Q=� _mCp;0� (11)

Fig. 2 Simplified geometric flow system in an antigravity open

thermosyphon with two opposite rib floors.
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where Q is the heating power transferred through the surface of the
thermosyphon tube, taken to be uniform.

If the transformations given in Eqs. (7–9) are inserted into Eqs. (5)
and (6), we get, after some routine algebraic manipulation, the
following parametric form of the axial momentum conservation
equation and the energy equation.

Pu

�
@W

@�
�U @W

@X
� V @W

@Y
� w@W

@Z

�
�� @	

@Z
� 1

Re
r2W

�
Grg �Grp sin���

Re2
(12)

Pu
@�

@�
�U @�

@X
� V @�

@Y
�W @�

@Z
� 1

RePr
r2� (13)

where

Re� �0wmd
�0

(14)

Pu� !d
wm

(15)

Grg �
g�0d

3�Tf
�20

(16)

Grp �
a!2�0d

3�Tf
�20

(17)

Pr�
�Cp;0
kf;0

(18)

The nondimensional parameters given by Eqs. (14–18) govern the
heat transfer and flow in this system. The Reynolds number may be
interpreted as the ratio of fluid inertial forces to viscous forces in the
usual manner. The pulsating number has its origin in the transient
term of the total derivative of the momentum equation and expresses
the ratio of the transient inertial forces, induced by the reciprocation,
to the fluid inertial force. The gravitational Grashof number
expresses the ratio of the buoyancy forces due to the Earth’s
gravitational field to viscous forces. The reciprocating Grashof
number expresses the ratio of the buoyancy forces due to the effective
body force field created by the reciprocation to viscous forces. The
Prandtl number characterizes the fluid in the usual manner.

Because the fluid velocities U, V, and W are interrelated in the
convective term of the momentum equation, the variation in axial
velocityW, due to reciprocation, also affects the velocities ofU and
V. The preceding argument suggests that the nondimensional fluid
velocities U, V, and W and the nondimensional fluid temperature
may be expressed as

U;V;W �U;V;W�X; Y; Z; Re; Pu;Grg; Grp; Pr� (19)

�� ��X; Y; Z; Re; Pu;Grg; Grp; Pr� (20)

The solutions of Eqs. (19) and (20) are also subject to the
hydrodynamic, thermal, and geometric boundary conditions at the
interface between the solid wall and the coolant flow. These
boundary conditions include the specific internal geometries of the
duct selected (i.e., the cross-sectional shape and length of the
thermosyphon tube, together with a full geometric description of the
rib geometry and the plenum chamber geometry).

The variation of the Prandtl number for air is small over the range
of temperature covered by the experimental program undertaken.
Therefore, the influence of the Prandtl number may be conveniently
removed from Eqs. (18) and (19).

Based on the physical argument described previously, the
experimental programwas designed to permit the z-wise temperature
distribution along the two heated walls of the thermosyphon tube to
be examined over a range of flow and reciprocation conditions.
These measurements were made on the centerline of the two heated
walls at rib and midrib locations.

Additionally, at these z-wise locations, thermocouples were
inserted into theflow to give some indication of thefluid-temperature
response toflowand reciprocation. Tominimize theflowdisturbance
caused by these thermocouples, the sensing bead of the
thermocouples was located near to the adiabatic walls of the
thermosyphon tube and on the centerline of these surfaces. Full
dimensional details are given in the next section.

Thus, for a given geometrical configuration, the measured
nondimensional wall temperature �w�Z� and the nondimensional
fluid temperature �f�Z� are expected to be functionally related to the
Reynolds number, the pulsating number, the gravitational Grashof
number, and the reciprocating Grashof number in some manner.

With convective heat transfer, it is customary to link the heat
transfer from a surface to the motivating temperature difference
using the concept of a heat-transfer coefficient or its nondimensional
counterpart, theNusselt number. For the present series of exploratory
experiments, a local heat-transfer coefficient was defined, based on
the measured wall- and fluid-temperature difference at a particular z-
wise location, as

h�z� � q�z�
�Tw�z� � Tf�z�	

(21)

where q is the heat flux at some z-wise location on the heated walls.
The corresponding local Nusselt number Nu�z� becomes

Nu�z� � h�z�d
k0

(22)

Some routine algebra permits the local Nusselt number to be
expressed in terms of the nondimensional wall and fluid temperature,
as

Nu�Z� � RePr

��w�Z� � �f�Z�	
d2

As
� ’�Z; Re;Pu;Grg; Grp	 (23)

where ’ is some functional relationship between the relevant
nondimensional numbers.

As mentioned earlier, the strategic aim of the present study is to
identify the individual and combined effects of the nondimensional
groups shown in Eq. (23). Note that as the temperature difference
between the wall and the fluid approaches zero, the effect of
buoyancy also diminishes. Thus, in the limiting case of zero
buoyancy, Eq. (23) must asymptote toward the form

Nu�Z� � ’ZB�Z; Re;Pu	 (24)

where ’ZB is the zero-buoyancy relationship.
The experimental program described next involved a systematic

variation of the controlling nondimensional groups, to attempt to
reveal the functional form of Eqs. (22) and (23). Details of the
experimental apparatus now follow.

Experimental Apparatus

A brief description of the reciprocating facility and a detailed
description of the test geometry are now presented. Figure 3 shows a
schematic drawing of the reciprocating facility, which has been
previously reported [1,18]. As shown, cooling air fed from a
compressor unit (1) was directed into the heat-transfer test module
(2) through two control valves (3 and 4), a float-type volume flow

CHANG ET AL. 571



meter (5), a digital pressure gauge (6), and a flow-calming tube (7). A
thermocouple, which penetrated into the pipeline after theflowmeter
(5),measured theflow temperature for the evaluation of coolantmass
flow rate. Adjustment of the needle valve (4) determined theflow rate
required to achieve the predefined Reynolds number value. The
coolant was vented through the exit pipe of the heated test module
after it passed through the heated test section. The reciprocating
motion of the test module (2) was created by a crank-wheel
mechanism driven by a 1500-W dc electrical motor (8). Using the
pulley-belt unit (9) and the gear box (10), the flywheel (11) could be
controlled to a desired rotational speed. A counterbalance weight
(12) was fixed on the rotating wheel (10) to maintain dynamic
balance during the reciprocating tests. An optical encoder (13) was
installed on the shaft to measure the rotational speed for the
evaluations of pulsating number and reciprocating Grashof number.

Figure 4 shows the constructional details of the square-sectioned
antigravity open thermosyphon that was actually tested. As shown,
five transverse ribs were arranged in a staggered manner along each
side of the two opposite walls. These two ribbed surfaces and the
sealed-end heating surface were made of a continuous 15-mm-wide,
0.1-mm-thick stainless-steel foil (1). This ribbed heating foil (1) was
clamped between four Tufnol sidewalls (2) to secure its position in
the thermosyphon. The two ends of the ribbed surfaces were fixed on
to the Tufnol bottom wall of the thermosyphon (3), where an
electrical supply was connected to directly heat the ribbed stainless-
steel walls. A high-current, low-voltage dc electrical power supply
was directly fed through the heating foil (1) to generate the uniform
flux heating condition. Starting from the center of the top sealed
surface (4), twelveK-type thermocoupleswerewelded on the back of
the stainless-steel heating foil (1) to measure the wall temperatures at
locations corresponding to the rib and midrib positions. Ceramic
cement was filled in behind each rib after the wall thermocouples
were positioned. At the ductwise locations in which the wall-
temperature measurements were made, 12 thermocouples along the
centerline of the insulated sidewall (2) penetrated into the flow
passage with 1-mm depth to measure the fluid temperature. The 100-

mm-wide Tufnol bottom wall (3) with four 50-mm-high Tufnol
sidewalls (5) formed a square-sectioned plenum chamber (6). A
circular-sectioned coolant entrance tube (7) and an exit tube (8)
permitted cooling air to be fed through the reservoir. These tubes
were 12-mm in diameter and were flush-fitted to the bottom end of
the plenum chamber (9). The centers of the flow entrance and exit
tubes (7 and 8) were located 32.5 mm from the inner sidewalls of the
plenum chamber (5). Four drawbolts (10) tightened the complete test
assembly, which was encapsulated within a stiffening tube (11). An
in-fill of the thermal insulation material was packed in the space
between the test section and the stiffening tube (11) to minimize
external heat loss. The built-up heat-transfer test module was
vertically mounted onto the reciprocating facility so that the
antigravity open thermosyphon situation was simulated. The length
and hydraulic diameter of the test section were 90 mm and 15 mm,
respectively. Geometric features of the square, ribbed test section
were specified in Table 1.

An electrical power control of 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. Before undertaking the flow tests, the external heat loss
characteristics were determined via a series of heat loss calibration
tests. For tests at the highest temperature settings and reciprocating
frequency, the estimated heat loss during an experiment was about
19.8% of the total heating power supply.

Fig. 3 Schematic diagram of the reciprocating facility.

Fig. 4 Constructional details of the heat-transfer test module.

572 CHANG ET AL.



All of the temperaturemeasurementsweremonitored and stored in
a DX33 PC using a Trend-Link Fluke Hydra 2620A-100 data logger
for the subsequent data processing.

Data Reduction and Experimental Program

The local convective heat flux (used for calculating the
nondimensional wall and fluid-temperature) and the Nusselt number
distribution were obtained by subtracting the external heat loss from
the total heating power. The heat loss was evaluated based on the
results from a series of heat loss calibration runs. The local coolant
thermal and transport properties (i.e., density, constant pressure
specific heat, thermal conductivity, and viscosity) were evaluated by
means of standard polynomial curve-fitting functions using the
measured local fluid temperature as the argument.

Because the viscosity and density of the coolant varied with the
temperature, themass flow rate was adjusted to limit variations of the
Reynolds and pulsating numbers (at the entrance of the
thermosyphon tube) to within
1% of the nominal values selected.

Initially, the instrumentation and data reduction program were
analyzed with a series of static baseline heat-transfer experiments.
Correlations of the local heat transfer, in terms of the Reynolds
number and gravitational Grashof number, were determined for this
static benchmark phase. This phase was followed by a series of
reciprocating experiments. The reciprocating data were produced at
fixed Reynolds numbers. At each selected Reynolds number, five
sets of tests at the reciprocating frequencies of 0.83, 1.25, 1.67, 1.83,
and 2Hzwere performed. The data generated in thismanner revealed
the effect of reciprocation on heat transfer. At each selected Re-Pu
combination, five different levels of heating power [which raised the
wall temperature at the sealed end of the thermosyphon tube to
nominal levels of 50, 75, 100, 110, and 120 (130)�C, respectively],
were used to systematically vary the effect of buoyancy by creating a
range of gravitational and reciprocating Grashof numbers.

The online data acquisition system collected and stored the
instantaneous temperature measurements for every period of 10 s.
Thesemeasurements were subsequently time-averaged and scanned.
A quasi steady-state condition was assumed when the variations of
the time-averaged wall temperatures remained within 
0:3�C. A
period of about 45 min was required to achieve a steady-state
condition. The range of nondimensional parameters covered is given
in Table 2.

An analysis of the experimental errors for this apparatus was
undertaken [24]. The measured wall-to-fluid temperature difference

was in the range of 8–43�C. In this range, it was estimated that the
maximum uncertainty in the determination of Nu, Re, Pu,Grg, and
Grp were 15, 7, 2.5, 6.6, and 7.3%, respectively.

Results and Discussion

Static Results

In the absence of reciprocation, Eq. (20) shows that the local heat
transfer in the static antigravity open thermosyphon is dependent on
the Reynolds number and Grg alone.

Figure 5 typifies the Z-wise wall- and fluid-temperature
distributions obtainedwith two different heating powers at Reynolds
numbers of 2100 and 3900, respectively. Referring to Figs. 5a and
5c, which plot raw temperature data, we note that the region of
highest temperature occurs near the sealed end of the thermosyphon
tube (0< Z < 3:5). There is a tendency for the wall temperature to
zigzag in a sawtooth manner in this region, with the temperature
peaks occurring at the rib locations. The antigravity nature of this
stationary thermosyphon appears to suppress convective movement
of the fluid, with a tendency for the coolant to stratify within this
region of high temperature. In an enclosure with wavy sidewalls,
buoyancy force has been found to induce small-scale vortical cells
along the wavy surface. This tends to improve heat transfer from the
levels found in a smooth-walled enclosure [25]. It is therefore felt that
the development of the Z-wise zigzag wall-temperature variation in
this hot region (0< Z < 3:5) is due to the small-scale vortical
circulations induced over the ribbed surfaces by the gravitational
buoyancy force.

In the region Z > 4, as depicted in Figs. 5a and 5c, a rapid Z-wise
reduction in wall temperatures occurs and the zigzag pattern is
considerably suppressed. This wall-temperature reduction is caused
by the penetration of coolant into the thermosyphon tube from the

Table 1 Geometric features of the test section

Geometric feature Dimension, mm
Vertical height of the thermosyphon 90
Hydraulic diameter of the thermosyphon 15
Rib height 1.5
Rib land 1.5
Ribs pitch 15
Height of the plenum chamber 50
Width of the plenum chamber 100
Geometrical dimensionless groups Dimensionless ratio

Aspect ratio of the thermosyphon (d=H) 0.167
Aspect ratio of the plenum chamber (Wd=Hp) 2
Blockage ratio of the thermosyphon (d=Wd) 0.15
Rib-height/hydraulic-diameter ratio (e=d) 0.1
Pitch/rib-height ratio (Pi=e) 10
Land/pitch ratio (l=Pi) 0.1

Table 2 Range of experimental nondimensional parameters

Nondimensional parameter Range

Reynolds number 1200–4100
Pulsating number 0–0.08
Gravitational Grashof number 270–1500
Reciprocating Grashof number 230–5800 Fig. 5 Axial wall- and fluid-temperature distributions in a static

thermosyphon.
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plenum chamber [4]. Although it adjusts inside the entrance to
produce a natural boundary between an upward and downward
movement of flow. It is this induced circulation of fluid that
effectively transports the heat transfer from the tube surface.

The measured fluid temperature showed no tendency to zigzag in
the Z-wise direction, as typified by Fig. 5. There was a continuous
reduction in fluid temperature as the open end of the thermosyphon
tube was approached. Indeed, the fluid temperature falls off rapidly
in the vicinity of the tube entrance, particularly at the higher levels of
Grg.

The effect of gravitational buoyancy and the penetration of flow at
the inlet plane on the nondimensional wall and fluid temperature are
shown in Figs. 5b and 5d, respectively, for the two Reynolds
numbers cited. Note that for convenience, the reference temperature
used in the definition of the nondimensional temperature has been
taken to be the measured fluid temperature at the entry plane of the
thermosyphon tube. This means that the nondimensional fluid
temperature becomes zero at the inlet to the thermosyphon tube for
all tests. Figures 5b and 5d again show the significant effect ofGrgon
the temperature field. At a Reynolds number of 2100, the difference
in the nondimensional wall temperatures at a given axial location
tends to reduce as the Z value increases. This suggests that the effect
of buoyancy is becoming less important in the entry region of the
thermosyphon and this is consistent with the domination of the
induced flow circulation from the reservoir. At the higher Reynolds
number value of 3900, this feature is even more pronounced, as
shown in Fig. 5d. A tendency for the nondimensional fluid
temperature to converge is also evident in the near entry region.

Themain observations thatmay bemade from the results shown in
Fig. 5 are that the movement of fluid through the reservoir induces a
flow circulation in the entry region of the thermosyphon tube and that
the penetration of this circulation deepens with increases in the
Reynolds number. Thus, the local wall-to-fluid heat transfer will be
verymuch influenced by this induced circulation in the vicinity of the
tube entrance. Additionally, there is a clear superimposed effect of
buoyancy, as characterized by the gravitational Grashof number.
Local heat transfer is significantly increased by buoyancy,
particularly in the vicinity of the sealed end of the thermosyphon
tube, because the values of �w � �f decrease when the gravitational
Grashof number increases. Detailed descriptions of the gravitational
buoyancy effect will be presented later.

It is clearly shown in Fig. 5b that at the lower level of Reynolds
number (2100), the two nondimensional wall-temperature curves
remain separated along the entire tube length. This suggests that both
mechanisms (induced entry flow and buoyancy) are important at this
lowerReynolds number. In evidence offluidmigrating into the open-
ended region of the thermosyphon tube, there can be no net flow at
any one cross-sectional plane, because the end is sealed. This means
that the flowfield must persist through several large-scale three-
dimensional vortices so that the zero net flow through each cross-
sectional plane of the thermosyphon tube can be preserved. For the
higher level of Reynolds number (3900), the improved convergence
of the two nondimensional wall-temperature curves for Z > 2 in
Fig. 5d suggests that local heat transfer in this region is dominated by
the induced circulation from the reservoir. In the region of 0< Z < 2,
buoyancy is influencing the wall-temperature response, as indicated
by the separation of the two lines.

Local Nusselt numbers were calculated, as defined by Eq. (21), at
eachmeasurement station. Figure 6 shows the typical axial variations
of local Nusselt numberNu0 for two Reynolds number values (2100
and 3900). Three heater settings were used for each Reynolds
number, giving three levels for the gravitational Grashof number. As
shown in Fig. 6a, the increases of the gravitational Grashof number
from 284 to 1265 consistently increase the local Nusselt number all
over the rib-roughened surface. Buoyancy effects are again seen to
prevail over the entire thermosyphon tube for a Reynolds number of
2100. The regular zigzag pattern of Nusselt numbers that
consistently show higher Nusselt numbers at the midrib locations
are observed in the region of 1< Z < 4 for all of the gravitational
Grashof numbers tested. This is consistent with the nondimensional
temperature data shown in Fig. 5. As the flow region approaches the

open end of the thermosyphon, the regular zigzag pattern is gradually
diminished and a Z-wise increase of Nusselt numbers appears from
Z� 3:5. The axial increase of Nusselt number forZ > 3:5, shown in
Fig. 6a, demonstrates the effect of coolant penetration, which is
Reynolds-number-dependent for a given flow geometry, as argued
earlier. Significant coupling effects linking the Reynolds and
Grashof numbers on heat transfer are thus expected in this flow
region.

When the Reynolds number increases from 2100 to 3900, the Z-
wise increase of Nusselt number tends to start from Z� 1:5. The
regular zigzag Nusselt number variation still prevails over the region
of 1< Z < 4 for all of the gravitational Grashof numbers tested, as
shown in Fig. 6b. Aswith the data shown in Fig. 5, there is a tendency
for the Nusselt number variation in the region of Z > 4, for a
Reynolds number of 3900, to be more tightly banded. Again, this is
due to the induced flow from the reservoir becoming more dominant
in comparison with the influence of buoyancy.

The preceding discussion demonstrated that two interacting flow
mechanisms control the heat-transfer characteristics of this form of
closed antigravity thermosyphon. First, flow induced into the entry
section of the thermosyphon tube occurs, due to the continuous
circulation of fluid through the reservoir. Second, the temperature-
dependent fluid density combines with the gravitational force to
produce a free-convection effect. An attempt was made to determine
a correlating equation for Nu0, in terms of the relevant
nondimensional parameters discussed in Sec. . The structure of this
correlating equation has to be mathematically consistent with the
controlling physics.

In the limiting case of zero buoyancy, the heat-transfer mechanism
is entirely controlled by the induced flow from the reservoir. For the
static thermosyphon, therefore, Eq. (24) reduces to

Fig. 6 Typical axial variations of the local Nusselt number in a static

thermosyphon at a) Re� 2100 and b) Re� 3900.
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Nu0;ZB � ��Z; Re� (25)

whereNu0;ZB is the zero-buoyancy asymptoticNusselt number and�
is an, as yet, undetermined function of the axial location along the
tube and the Reynolds number.

Figure 7 shows a series of graphs illustrating the variation of local
Nusselt number with gravitational Grashof number for the three
Reynolds numbers tested. At each measuring station, the local
Nusselt number increases with increasing gravitational Grashof
number. These individual curves were numerically extrapolated
back to the origin to determine the zero-buoyancy Nusselt number
Nu0;ZB for each axial location at which measurements were made.
The variation of the zero-buoyancy Nusselt number with Reynolds
number at each measurement location is also shown in Fig. 7. These
individual curves were correlated using an exponential form, and the
results for each axial location are given in Table 3.

At the center of the sealed top end of the tube (Z� 0), the largest
increasing rate of Nusselt number with increasing gravitational
Grashof number is found. Buoyancy effects are most effective at this
spot in the static thermosyphon. For all of the axial locations, the
increasing rate of Nusselt number with gravitational Grashof number
reduces when the Reynolds number increases. This result reflects the
weakened buoyancy effects, as demonstrated previously. Clearly,

the values of a zero-buoyancy asymptotic Nusselt number, defined in
each plot shown in Fig. 7, increase with Reynolds number and are Z-
location-dependent.

At the limiting case, when the Reynolds number is zero, the
extrapolated zero-buoyancy asymptotic Nusselt number values
obtained at all of the Z locations also converge to zero. However, the
concept of the present form of the thermosyphon (i.e., fitted with a

Fig. 7 Variations of local Nusselt number with gravitational Grashof number at different Reynolds numbers in a static thermosyphon.

Table 3 Functions of � and � in heat-transfer correlations for Nu0

Z Nu0;ZB � �fRe; Zg �fRe; Zg Location

0 2:15E-8 � Re2:47 1:513E-4e�3:335-6:048E-4�Re� Central spot (top end)
1 8:033-7 � Re2:27 1:536E-4e�3:061-6:422E-4�Re� Midrib location
1.5 3:182E-8 � Re2:312 7:921E-5e�3:513-4:6E-4�Re� Rib location
2 4:906E-5 � Re1:52 9:491E-5e�3-5:514E-4�Re� Midrib location
2.5 2:297E-9 � Re2:668 1:16E-4e�3:471-6:588E-4�Re� Rib location
3 7:411E-6 � Re1:746 1:063E-4e�3:001-6:347E-4�Re� Midrib location
3.5 1:321E-5 � Re1:668 9:248E-5e�3:001-6:081E-4�Re� Rib location
4 3:072E-5 � Re1:589 7:74E-5e�3:062-5:551E-4�Re� Midrib location
4.5 2:937E-5 � Re1:322 8:624E-5e�3:001-7:099E-4�Re� Rib location
5 5:118E-4 � Re1:322 5:788E-5e�3-5:862E-4�Re� Midrib location
5.5 7:05E-4 � Re1:296 6:577E-5e�2:919-6:462E-4�Re� Rib location
6 3:331E-3 � Re1:093 5:988E-5e�2:8-6:441E-4�Re� Midrib location
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reservoir through which a constant flow occurs) is invalid when the
flow is zero. In this case, the system cannot achieve a steady-state
condition. A detailed study of the data led to the proposal that the
combined effect of Reynolds number and gravitational Grashof
number may be correlated with an equation having the following
mathematical structure.

Nu0 � NuZB expf��Z; Re�Grgg (26)

where Nu0 is the local Nusselt number for the static condition and �
is an, as yet, unspecified function that allows for the effect of
gravitational buoyancy. The structure of Eq. (26) ensures that the
Nusselt number approaches its zero-buoyancy limiting case as the
gravitational Grashof number approaches zero.

A detailed examination of the local data gave rise to the proposals
shown in Table 3 for the � function. Figure 8 compares the actual
measured experimental local Nusselt numbers with those predicted
using the empirical correlations given in Table 3. All � functions
collected in Table 3 vanished asRe� 0. Equation (26) satisfies both
limiting conditions Grg � 0 and Re� 0. Over the parametric range
studied for Nu0, the discrepancies between the correlation and
experimental results for 95% of the entire set of Nu0 data are
controlled within 
20%. Equation is treated as the heat-transfer
reference with zero reciprocation. Because of the runaway nature of
the exponential function, the correlations given in Table 3 should be
restricted to the range of experimental parameters covered by the
present investigation. These correlations will be used in the next
subsection to evaluate the additional effects created by reciprocation
of the thermosyphon.

Reciprocating Results

Convections of fluid momentum and energy in a reciprocation
system are Pu-dependent and are subject to buoyancy interactions
motivated by reciprocating forces, as described in Eqs. (12) and (13).
Flow pulsations and oscillating pressure waves are generated within
a reciprocating thermosyphon, which influences the vortical flow
structure, the coolant penetration, and the buoyancy-induced wall
flows over the rib floors. This produces attendant temporal heat-
transfer variations at each measurement station. The present study
generates the time-averaged heat-transfer data along the centerlines
of two opposite rib floors in the thermosyphon, with the individual
and interactive impacts of each controllingflowparameter in Eq. (23)
examined.

Influences of reciprocation directly reflect on the distributions of
wall and fluid temperature, as shown in Fig. 9, in which the Z-wise
distributions of wall and fluid temperatures obtained (with two
different heating powers for Reynolds numbers of 2100 and 3900 at
the reciprocating frequency of 2 Hz) are displayed. Two pulsating
numbers of 0.08 and 0.04 are produced for the test conditions of
Re� 2100 and 3900, respectively. The comparison of static and
reciprocating results depicted in Figs. 5 and 9 highlights the
reciprocating impacts. The apparent zigzag Tw variations shown in
Figs. 5a and 5c in the static thermosyphon are considerably

suppressed in the reciprocating thermosyphon, as seen in Figs. 9a
and 9c. The buoyancy-driven wall flows in the static thermosyphon
are considerably disturbed by the reciprocating forces. The dominant
flow physics for heat transfer in the reciprocating thermosyphon are
modified from the static conditions and appear to be pulsating-
number-dependent. At the pulsating number of 0.08 (Re� 2100 and
F� 2 Hz), the improved coolant penetration into the reciprocating
thermosyphon from the static scenario is demonstrated by the
reduced �f values in the reciprocating thermosyphon, as shown in
Fig. 9c from the static reference depicted in Fig. 5c. As a result, the
reduced �f differences between two test results with Grp � 1355
and 9357 are observed in Fig. 9c. At the pulsating number of 0.04
(Re� 3900 and F� 2 Hz), the two sets of �f values in the
reciprocating thermosyphon depicted in Fig. 9d are increased from
the static counterparts depicted in Fig. 5d, which demonstrates the
impeded coolant penetration into the reciprocating thermosyphon at
this set of test conditions. Two separate �f curves obtained with
Grp � 1184 and 4703 are generated in Fig. 9d. Based on the �f
results obtained from Figs. 9c and 9d, the increased and decreased
coolant penetrations into the reciprocating thermosyphon take place
at the conditions with the higher and lower pulsating numbers,
respectively. Inconsistent with the static results, increases of Grp
values reduced �w levels, which reconfirms the improving buoyancy
effect on heat transfer.

Figure 10 shows the typical axial distributions of local Nusselt
number for two sets of Reynolds (pulsating) numbers of 2100 (0.08)
and 3900 (0.04) at F� 2 Hz. Three heater settings were used for
each set of Reynolds and pulsating numbers, giving three values of
reciprocatingGrashof number. Heat-transfer levels increase from the
sealed end toward the entrance of the reciprocating thermosyphon in
the axial direction. As shown in Figs. 10a and 10b, the upward data
spreads are driven by increasing Grp value over the entire
reciprocating thermosyphon, with different ranges of data bands at

Fig. 8 Comparison of actual measurements of Nu0 with correlation
results.

Fig. 9 Axial wall- and fluid-temperature distributions in a reciprocat-

ing thermosyphon.
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the various measurement spots and for two different test conditions.
The reciprocating buoyancy effect improves local heat transfer over
the entire reciprocating thermosyphon. The wider data band
observed in Fig. 10a indicates the stronger buoyancy effect at the
lower Reynolds number of 2100. The enhanced vortical strength in
the reciprocating thermosyphon at the higher Reynolds number
weakens the buoyancy effect. The various degrees of buoyancy
impacts in the reciprocating thermosyphon are intercorrelated with
Reynolds and pulsating numbers, which will be further addressed
when the data are analyzed parametrically. Nevertheless, the
buoyancy effect remains persistent in the reciprocating thermosy-
phon, with an attendant reduction in its effectiveness as the Reynolds
number increases.

It is also worth noting that the Nusselt number at each axial station
leveled in Fig. 10a at the Reynolds number of 2100 is generally
higher than the Nusselt number value obtained with the higher
Reynolds number of 3900, as displayed in Fig. 10b. The increase of
Reynolds number from 2100 to 3900 at the fixed reciprocating
frequency of 2 Hz reduces the pulsating number from 0.08 to 0.04,
which incurs the local heat-transfer impediments in the reciprocating
thermosyphon. This trend of heat-transfer reduction in response to
the increase of Reynolds number reverses the static results typified in
Figs. 6a and 6b. As the reciprocating buoyancy effect with these test
conditions improves local heat transfer, the worse heat-transfer
scenarios depicted in Fig. 10b are attributed to the pulsating number
effect. Heat-transfer variations in the reciprocating thermosyphon
from the static references are likely to be interactively linkedwith the
Re, Pu, and Grp that formulate the subject of following parametric
investigations. To level the heat-transfer variation in the
reciprocating thermosyphon from the static reference, the Nusselt
number is normalized by the static Nusselt number Nu0 evaluated
from Eq. (26). In this respect, the gravitational Grashof number is

also determined using the �Tf value acquired from each
reciprocating test when Eq. (26) is applied to determine Nu0. The
relative Nusselt numberNu=Nu0 has to be unity as bothPu andGrp
approach zero.

Initially, the isolated Grp effect at each detected Z station is
analyzed by plotting the relative Nusselt number Nu=Nu0 against
Grp at constant values ofPu andRe. This is demonstrated by a series
of graphs illustrating the variation of local relative Nusselt number
Nu=Nu0 with reciprocating Grashof number for the three pulsating
numbers tested at a Reynolds number of 2900, as seen in Fig. 11. At
each measuring Z station, Nu=Nu0 ratios increase asGrp increases.
Each individualNu=Nu0 vsGrp curvewas numerically extrapolated
back to the origin to recover the zero-buoyancy reciprocatingNusselt
number ratioNuZB=Nu0;ZB at each detected axial station. Justified by
the data trends of Nu=Nu0 vs Grp in Fig. 11, which are commonly
shared by the entire reciprocating results obtained with all the
Reynolds numbers tested, the correlation equation adopted to
generate NuZB=Nu0;ZB ratios for each Re-Pu combination takes the
exponential form of Eq. (27).

Nu=Nu0 � AfPu; Re; Zg � enfPu;Re;Zg�Grp (27)

With the exponential format, Eq. (27) appears to be the best fit for
the entire set of Nu=Nu0 vs Grp curves generated by the present
study. Because Eq. (27) is adopted to extrapolate toward the limiting
condition ofGrp ! 0 but not used to predict theNu=Nu0 ratioswith
highGrp values, the divergent nature of the exponential function for
the present application is avoided.

CoefficientsA and n in Eq. (27) are functions ofPu,Re, andZ that
are, respectively, equal to unity and 0 to satisfy the limiting condition
ofPu! 0 andGrp ! 0 to recover the static heat-transfer reference
cited by Eq. (26). TheA coefficient and n exponent are, respectively,
treated as theNuZB=Nu0;ZB ratio and the index that levels the degree
of reciprocating buoyancy effect.

Equation (27) enables the ratio of isothermal reciprocating heat-
transfer level to the static reference in terms of NuZB=Nu0;ZB at the
Reynolds number of 2900 to be determined. TheZ-wise variations of
the series ofNuZB=Nu0;ZB vs Pu plots displayed in Fig. 11 show the
isolated Pu impact on reciprocating heat transfer at the Reynolds
number of 2900 with the vanished buoyancy effect. The
NuZB=Nu0;ZB vs Pu curve collected from each Z station follows a
general pattern. Reciprocating heat-transfer levels are initially
reduced to be less than the static references and then recovered to
show considerable enhancements as Pu increases from 0 to 0.08,
except at the central spot on the sealed end (Z� 0). At the spot of
Z� 0, the ratios of NuZB=Nu0;ZB at all of the pulsating numbers
examined are less than unity, which indicates the heat-transfer
impediments from the static condition. With the flow region moving
toward the entrance of the thermosyphon, the NuZB=Nu0;ZB ratios
gradually rise.

The regionally worse heat-transfer scenarios near the sealed end of
the reciprocating thermosyphon, in which the buoyant convection
dominates the heat-transfer process, are caused by the reciprocation-
induced temporal disturbances on the wall flows. Also, the
turbulence activities near the sealed end of the thermosyphon are
considerably suppressed by nature. Therefore, the interactions of
reciprocation with the turbulence in this sealed-end flow region are
accordingly diminished, which rules out the possible amplifications
of turbulence level by system reciprocation. At the zero-buoyancy
conditions, the maximum NuZB=Nu0;ZB ratios shown in Fig. 11
reach about four at the pulsating number of 0.08. With buoyancy
interactions involved, the synergistic Re-Pu-Grp force effects can
elevate the relative Nusselt numberNu=Nu0 to the maximum values
of about six.A reviewof the entireNu=Nu0 data generatedwith all of
the Reynolds numbers tested showed that the synergisticRe-Pu-Grp
effects interacting with the present rib floors produces the Nu=Nu0
ratios falling in the range of 0:65� 8. Heat-transfer impediments are
observed at the flow conditions, with lowReynolds numbers and low
pulsating numbers due to the weakened vortical strengths and
coolant penetrations. Such heat-transfer impediments from the static
references at the low Reynolds and pulsating numbers draw

Fig. 10 Typical axial variations of local Nusselt number in a
reciprocating thermosyphon at a) Re� 2100 and b) Re� 3900.
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precautions in the design and operating stages for the piston.
However, the addition of rib floors on two opposite walls in the
reciprocating antigravity open thermosyphon has proven itself with
considerable heat-transfer augmentations at high Reynolds numbers
and high pulsating numbers. The detailed flow measurements are
worthwhile of implementation to clear the heat-transfer physics
revealed in Fig. 11.

Heat-transfer results with and without buoyancy interactions,
shown in Fig. 11, are obtained at the Reynolds number of 2900.
However, as the coolant penetration and the strengths of vortices and
vorticity levels in the reciprocating thermosyphon are varied to
considerable extents with the Reynolds number, the influences of the
pulsating number on the flow mechanisms in this reciprocating
thermosyphon are strongly correlated with the Reynolds number.
The possible interactive Re-Pu impacts on heat transfer in the
reciprocating thermosyphon are best examined at the isothermal
conditions without any buoyancy interaction. The procedure of
identifying NuZB=Nu0;ZB ratios, as illustrated in Fig. 11, is repeated
for all of the Reynolds numbers tested. A series of graphs illustrating
the variation of NuZB=Nu0;ZB against Pu at various axial locations
for the three Reynolds numbers tested (Re� 2100, 2500, and 4100)
are collected in Fig. 12. Each data trend revealed in the individual

plot of Fig. 12 is forced to be unity at the limiting condition of zero
reciprocation (Pu� 0), which recasts the static isothermal heat-
transfer solution Nu0;ZB. As depicted in Fig. 12, the curve of the
NuZB=Nu0;ZB ratio with initial heat-transfer impediments followed
by a subsequent heat-transfer recovery asPu increases is resolved at
the Reynolds number of 1200. Heat-transfer impediments at the low
Reynolds number and low Pu conditions are related with the weak
vortical strength and less coolant penetration in the reciprocating
thermosyphon, as described previously. Further increases of the
Reynolds number to 2500 and then toward 4100 gradually reverse
the curvature of NuZB=Nu0;ZB at each Z spot as seen in the plots of
Fig. 12. Clearly, the effects of pulsating number on the reciprocating
Nusselt number are strongly dependent on the Reynolds number.

Dependencies of reciprocating buoyancy effect on the flow
mechanisms controlled by the Reynolds and pulsating numbers are
demonstrated by plotting the n exponents evaluated fromEq. (27) for
the entire sets of pulsating andReynolds numbers examined. A series
of Z-wise plots collected in Fig. 13 illustrates the variations of n
exponent in Eq. (27) with pulsating number for three the Reynolds
numbers tested (Re� 2100, 2500, and 4100). In general, the higher
values of n exponents develop in the reciprocating thermosyphon
with the lower Reynolds number. This result reconfirms the

Fig. 11 Variations of local Nusselt number with reciprocating Grashof number at different Reynolds numbers in a reciprocating thermosyphon.
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enhanced dominance of buoyancy impact on heat transfer in the
reciprocating thermosyphon as the Reynolds number is reduced. At
each selected Reynolds number, the data trend depicted in each plot
of Fig. 13 shows the tendency of reduced n exponents as Pu
increases. Therefore, the buoyancy effects on heat transfer are
weakened in the reciprocating thermosyphon as the pulsating
number increases. Above all, the heat-transfer impacts in association
with the reciprocating Grashof number are intercorrelated with the
Reynolds and pulsating numbers. The complex heat-transfer
phenomena developed in the reciprocating antigravity open
thermosyphon with piston-cooling applications are revealed by this
parametric analysis to demonstrate that the considerable heat-
transfer modifications from the static scenarios are due to the
individual and interactive effects of Re, Pu, and Grp.

Conclusions

This experimental study was devised to reveal the heat-transfer
physics in association with the controlling flow parameters identified
from a set of flow equations referred to as a reciprocating frame of

reference for an antigravity open thermosyphon with two opposite
walls roughened by staggered transverse ribs with cooling
applications to the piston. Particularly, the interactive and isolated
effects of Re,Grg, Pu, andGrp on heat transfer along the centerline
of the rib floor have been studied. In conclusion, the following
observations emerge.

1) Local Nusselt numbers in the static thermosyphon increasewith
the increase of gravitational Grashof numbers for all of the Reynolds
numbers tested. Increases ofReynolds number elevate the static heat-
transfer rates by enhancing the in-duct vortical strength and coolant
penetration, but also produce the attendant reduction in buoyancy
effectiveness. The coupled Re-Grg effect, which interacts with the
rib flows near the sealed end of the thermosyphon, creates theZ-wise
zigzag heat-transfer variations. The static Nusselt number
correlation, which satisfies both limiting conditions Re� 0 and
Grg � 0, is derived to establish the static heat-transfer references for
assessing the reciprocating effects on heat transfer.

2) The synergistic Re-Pu-Grp effects interacting with the surface
ribs considerably modify the heat-transfer scenarios from the static
conditions that lead the presented Nu=Nu0 ratios in the range of

Fig. 12 Variations of NuZB=Nu0;ZB ratio with pulsating number at various axial locations.
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0:65� 8. Heat-transfer impediments developed at the flow
conditions, with low Reynolds numbers and low pulsating numbers
drew precautions in the design and operating stages for the piston,
with its cooling network involving the antigravity open
thermosyphons. At high Reynolds and pulsating numbers, the
considerable heat-transfer augmentations demonstrate the effective-
ness of surface ribs for augmenting the heat transfer in the
reciprocating antigravity open thermosyphon.

3) The periodic reciprocating forces indexed by Pu considerably
disturb the development of wall flows along the rib floors near the
sealed end of the thermosyphon, leading to the diminished zigzag
heat-transfer variations in this flow region. The isolated Pu effect at
zero buoyancy is dependent on the Reynolds number and Z location.
With the flow conditions at low Reynolds numbers of weak vortical
strengths and less coolant penetrations, the NuZB=Nu0;ZB ratios are
initially reduced to be less than unity and then recovered to show
considerable enhancements as Pu increases. With high Reynolds
numbers, the variation manner of NuZB=Nu0;ZB against Pu is
reversed from generated low Reynolds numbers, which
demonstrates the strong intercorrelations between the pulsating-
and Reynolds-number-controlled flow mechanisms.

4) The relative Nusselt number ratio Nu=Nu0 increases with the
increase of theGrp value. This isolatedGrp effect remains persistent
over the entire reciprocating rib floor, but its effectiveness is
weakened by increasing the pulsating or Reynolds number.
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