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Abstract

This paper describes an experimental investigation of heat transfer in a smooth-walled reciprocating anti-gravity open thermosy
relevance to the‘shaker’ cooling system for the pistons of marine propulsive diesel engines. A selection of experimental results illustr
interactive effects of inertial, reciprocating and buoyancy forces on heat transfer. It is demonstrated that the gravitational and rec
buoyancy effects, respectively, improve heat transfer in the static and reciprocating anti-gravity open thermosyphon. The individua
force effect impairs heat transfer in the axial region with 5 hydraulic diameter length measured from the entrance of thermosyphon
In the vicinity of sealed end of reciprocating thermosyphon with one hydraulic diameter from the sealed surface (region II), the in
pulsating force effect improves heat transfer at low pulsating number range, over which range a subsequent heat transfer reduc
axial region is followed. The synergistic effects of inertial force, reciprocating force and buoyancy interaction in the reciprocating antty
open thermosyphon could, respectively, impede or improve the regional heat transfers in the axial regions I and II from the static
of zero-buoyancy. A set of empirical correlations, which is physically consistent, was developed that permits the individual and in
effects of inertial, reciprocating and buoyancy forces on heat transfer to be evaluated.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

The propulsive system of a marine vessel widely ado
the heavy-duty Diesel engine, fueled by residual oil, wh
directly drives the propeller in order to obviate the use
heavy-duty reduction gearboxes. A higher propulsive e
ciency of the propeller generally requires a lower spe
Therefore, a larger than normal stroke to bore ratio of ma
propulsive Diesel engine is developed in order to achieve
low engine speed matching the characteristics of the en
to the directly driven propeller. As a representative exa
ple of this class of engine, the Sulzer RTA 60 C engine n
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E-mail address: swchang@mail.nkimt.edu.tw (S.W. Chang).
1290-0729/$ – see front matter 2003 Éditions scientifiques et médicales El
doi:10.1016/S1290-0729(03)00090-5
mally operates at a speed range of 91–114 rev·min−1 with
maximum cycle pressure and temperature of about 155
and 1500◦C, respectively. An effective cooling scheme
side the piston is essential to ensure the structure inte
when considerably high thermal and mechanical loads
applied to the reciprocating piston. Fig. 1 typifies the mu
bore shaker cooling system in the pistons of the Sulzer R
Diesel engine series. As shown, the coolant, fresh wate
each of these blind passages is convected “from” and
the plenum chamber in the tube-wise direction when the
ton reciprocates. The plenum chamber acts as “reser
that provides a thermal sink for the coolant in the blind bo
to exchange heat with the bulk flow in the plenum cha
ber. Note, the hot and cold sections of each blind bore
cate, respectively, at its top and bottom ends. There is a
dency for the coolant to stratify, with regions of hot coola
‘trapped’ in the vicinity of the sealed end due to gravit
tional free convection when the system is static. This clas
flow system has been referred to as‘anti-gravity open single
sevier SAS. All rights reserved.
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Nomenclature

English symbols

a reciprocating amplitude (crank radius) . . . . . . m
As entire heating surface . . . . . . . . . . . . . . . . . . . . m2

Cp specific heat of coolant . . . . . . . . . . J·kg−1·K −1

d hydraulic diameter of test duct . . . . . . . . . . . . . m
Gr Grashof number,= gβ(Tw − Tf )d

3/υ2

Grp pulsating Grashof number,
= ω2aβ(Tw − Tf )d

3/υ2

H Height of thermosyphon . . . . . . . . . . . . . . . . . . m
Hp height of plenum chamber . . . . . . . . . . . . . . . . . m
kf thermal conductivity of coolant . . W·m−1· K−1

ṁ coolant mass flow rate . . . . . . . . . . . . . . . . kg·s−1

Nu Nusselt number,= (Re Prηw)(d2/As)

p flow pressure . . . . . . . . . . . . . . . . . . . . . . . . N·m−2

p′ pressure perturbation due to reciprocating forces
Pr Prandtl number,= µCp/kf
Pu pulsating number,= ωd/Wm (pulsating-to-

inertial force ratio)
Q̇f local convective heat . . . . . . . . . . . . . . . . . . . . . W
Re Reynolds number,= ρWmd/µ

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦C
T0 fluid temperature at the open end of

thermosyphon . . . . . . . . . . . . . . . . . . . . . . . . . . .◦C
u,v,w flow velocities. . . . . . . . . . . . . . . . . . . . . . . . m·s−1

U,V,W dimensionless flow velocity vector,= v/Wm

Wd width of plenum chamber . . . . . . . . . . . . . . . . . m
Wm mean flow velocity,= ṁ/ρd2 . . . . . . . . . . m·s−1

z axial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . m
Z dimensionless axial location,= z/d

Greek symbols

ϕ,Φ,Ψ1,Ψ2 unknown function
β thermal expansion coefficient of coolant . . K−1

ρ density of coolant . . . . . . . . . . . . . . . . . . . kg·m−3

η non-dimensional temperature
υ kinematic viscosity of coolant . . . . . . . . m2·s−1

τ dimensionless time,= ωt

ω angular velocity of rotating disc creating
reciprocating motion . . . . . . . . . . . . . . . . . rad·s−1

χ dimensionless flow pressure

Subscripts

f fluids
w wall
ZB zero-buoyancy condition

Superscript

0 static condition
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Fig. 1. Shaker cooling network in Sulzer RTAT6 marine propulsive die
engine.

phase thermosyphon’ in the technical literature [1]. The ad
ditional superimposed effect of reciprocation on the sys
has led to the ‘shaker’ piston cooling method to be cate
rized as a‘reciprocating anti-gravity open thermosyphon’.
When the tube-wise directions of the inclined blind-bo
are no longer parallel to the reciprocating forces, tempor
varying cross-plane secondary flows are also induced w
are not dealt with in this work.

Studies of static open cavity flows have demonstra
that the penetration of coolant circulation in each blind p
sage is influenced by the flow pattern across its open su
and also by the geometrical features of the passage an
plenum chamber [2,3]. Increasing the length-to-width ra
of the cavity (i.e., a deeper cavity) generally increases
vortices formed in the passage and weakens the vortex i
vicinity of the sealed end [4]. During the transient devel
ment of the flow over the open cavity, the rate of mass
change of the fluid inside the cavity is enhanced [4]. Wh
the periodicity of the buoyancy forces in the closed cav
flow is introduced (either by the periodical heating con
tion [5,6] or by the vibration of solid boundary [7–10]) ric
vortical flow structures are established in these enclosu
The processes of vortex generation, convection and diffu
for these cavity flows are dynamic and depend on the o
lating frequency and amplitude of the boundary conditi
imposed [7–11]. The various modes of temporal variati
in flow pattern caused by varying the vibration frequen
generate several different thermal convection regimes in
brating enclosure [9,10]. The increase of vibration freque
generally improves heat transfer in a vibrating enclos
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But, in the so-called flow regime of intermediate conv
tion regime, the increase of vibration frequency could red
heat transfer [9]. Although the studies of vibrational c
ity flows [4–11] share a degree of similarity with the sha
cooling geometry depicted in Fig. 1, subtle differences e
between the reciprocating forces, and the flow interact
initiated in the open-end region of each blind bore of
piston shaker-cooling networks. Thus, the lack of fundam
tal knowledge concerning the performance of this partic
cooling geometry, despite its apparent engineering app
tion, has been the motivation for the present investigatio

This experimental study examines the effect of rec
rocation on heat transfer in a vertical square sectio
smooth-walled anti-gravity open thermosyphon with geom
tries simulating a blind passage of shaker cooling netw
shown in Fig. 1. The direction of the reciprocation is alo
the central axis of the open thermosyphon tube. The g
erning dimensionless flow parameters of the reciproca
anti-gravity open thermosyphon are identified through
parametric study as the first step following which the pro
dures of data reduction and experimental program are d
mined and the experimental apparatus is built. The deta
flow distributions inside a reciprocating open thermosyp
are influenced by the reciprocation, the flow pattern ac
its open surface and also by the geometrical features o
passage and the plenum chamber. The controlled geom
therefore involve the thermosyphon and plenum cham
At each cross-sectioned plane of the thermosyphon tube
mass conservation requires a zero mean flow velocity.
has led a difficulty to define the local Reynolds number us
the mean flow velocity inside the thermosyphon. Also
mean flow temperature over the cross plane of thermosyp
is a dependent variable of the governing non-dimensi
flow and geometrical parameters. Nevertheless, by trea
the values of local flow velocity and mean flow temperat
over a cross-sectioned plane of thermosyphon as the de
dent variables, the control of fluxes of heat and coolant m
flow fed into the system and the reciprocating frequency
a given set of geometrical and heating conditions could s
ify a particular flow and heat transfer patterns. The cha
teristic flow velocity is conveniently evaluated in accordan
with the total mass flux fed into the plenum chamber a
the characteristic length selected. For any given total m
flow rate through the present test geometry, the tempera
rise of fluid from the entry to the exit plane of the pres
thermo fluids system varies with the heating rate. The t
perature difference between the flow entrance and ex
the test geometry is selected as the characteristic tem
ature scale to normalize the temperature measuremen
what follows, the governing dimensionless groups identi
from a set of generalized dimensionless flow equations
data reduction procedure and the concept of dimension
temperature, which is particularly convenient for engine
ing application, are illustrated in details.
-

s

-

-
n

2. Generalized dimensionless flow equations and
method of data reduction

Fig. 2 illustrates the simplified geometric flow system b
ing studied to simulate the ‘shaker’ piston-cooling conce
The thermosyphon tube and the fluid reservoir oscillate
gether and coolant flows into and out of the reservoir as il
trated in the figure. The thermosyphon tube is square in c
section with smooth walls as shown. The two sidewalls
uniformly heated and the other two opposite walls are
abatic. The non-dimensional groups that describe the p
ical processes present in this flow/heat transfer system
be derived as follows.

The oscillatory motion produced by the engine pis
is not truly sinusoidal and depends on the ratio of
connecting rod length to the crankshaft. However when
ratio is greater than eight, the reciprocating motion is w
approximated as ‘simple harmonic’ in nature. In this c
the oscillatory motion of the flow system may be describ
as

z= a · sin(ωt) (1)

Consider the Cartesian coordinate reference frame sh
in Fig. 2. The origin of the frame oscillates and the flu
velocity components relative to this origin areu, v andw
in the coordinate directionsx, y and z, respectively. The
z-direction momentum conservation equation for a fl
having constant properties may be written as

Fig. 2. Conceptual flow geometry and boundary conditions simulated
reciprocating anti-gravity open thermosyphon.
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)

)

)

ρ0

(
∂w

∂t
+ u

∂w

∂x
+ v

∂w

∂y
+w

∂w

∂z

)

= −∇p+µ0∇2w − ρ0
(
g + aω2 sin(ωt)

)
(2)

The fluid density and viscosity are evaluated at a refere
temperature,T0.

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

∂p0

∂z
= −ρ0

(
g + aω2 sin(ωt)

)
(3)

If the fluid has a temperature sensitive density, heatin
the fluid will create buoyancy forces via gravity and t
reciprocating effective body force. The density,ρ, of the
fluid, at any temperatureT , may be linked to the referenc
density via an equation of having the form

ρ = ρ0
(
1− β0(T − T0)

)
(4)

whereβ0 is the coefficient of cubical expansion of flu
evaluated at the reference temperature,T0.

Insertion of Eq. (4) into Eq. (2) and introducing th
Boussinesq approximation yields(
∂w

∂t
+ u

∂w

∂x
+ v

∂w

∂y
+w

∂w

∂z

)
(5)

= − 1

ρ0
∇p′ + ν0∇2v − β0(T − T0)

(
g + aω2 sin(ωt)

)

wherep′ is the algebraic difference between the true pr
sure and the hydrostatic pressure specified by Eq. (2).
that, the last term in Eq. (5) involves two accelerat
fields, namely the gravitational and reciprocating accel
tions, which feature two physically different buoyancy int
actions. The influence of gravitational buoyancy norma
develops in the steady flow field among which the diff
ences in fluid temperature are stable and the differe
in volumetric gravity force over the cross-sectioned pla
of thermosyphon promote fluid motion in static conditio
The buoyancy termβ0(T − T0)aω

2 sin(ωt), motivated by
the reciprocating acceleration, features the complex b
ancy interactions in a quasi-steady flow. The impleme
tion of curl operation through Eq. (5) converts the mom
tum equation into an equation describing the vorticity tra
portation. The term∇ × (β0(T − T0)aω

2 sin(ωt)) remains
as a source term to generate vorticity, which is a sign-va
temporal function. It is felt that the buoyancy interactio
in the present reciprocating case are originated from t
effects on the vorticity. The temporary varied vorticity fie
affected by the reciprocating buoyancy could lead to a dif
ent mode of buoyancy interaction from the gravitation as
ciated buoyancy effects. Thus the gravitational buoyanc
unlikely to exert considerable effect on flow and heat tra
fer inside a reciprocating thermosyphon as the flow and t
perature fields are never steady. Therefore the gravitat
 l

and reciprocating accelerations are separately summa
in the last two terms on the right-hand side of Eq. (5) th
respectively, dominates the buoyancy interactions in s
and reciprocating thermosyphon. It is very unlikely to d
velop the free convective type flow that is typical in stea
flow system and the reciprocating buoyancy simultaneou

The conservation of energy equation is

∂T

∂t
+ u

∂T

∂x
+ v

∂T

∂y
+w

∂T

∂z
= k0

ρ0Cp,0
∇2T (6)

The non-dimensional groups that parametrically gov
the flow and temperature fields may be determined using
following transformations of the dependent and indepen
variables.

X = x

d
, Y = y

d
, Z = z

d
(7)

U = u

Wm

, V = v

Wm

, W = w

Wm

(8)

χ = p′

ρ0W2
m

, η = T − T0

,Tf
, τ = ωt (9)

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

Wm = ṁ

ρ0d2
(10)

where ṁ is the total coolant flow rate passing throu
the reservoir, and,Tf is the temperature rise of the flu
passing through the reservoir given by

,Tf = Q̇f

ṁCp,0
(11)

whereQ̇f is the heat transfer rate through the surface of
thermosyphon tube.

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

Pu
∂W

∂τ
+

(
U
∂W

∂X
+ V

∂W

∂Y
+W

∂W

∂Z

)

= − ∂χ

∂Z
+ 1

Re
∇2W + 1

Re2
g

(
Grg + Grp sin(τ )

)
(12)

Pu
∂η

∂τ
+U

∂η

∂X
+ V

∂η

∂Y
+W

∂η

∂Z
= 1

Re Pr
∇2η (13)

where

Re = Wmd

ν0
(Reynolds number) (14

Pu = ωd

Wm

(pulsating number) (15

Grg = gβ0d
3,Tf

ν2 (gravitational Grashof number) (16

0
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Grp = aω2β0d
3,Tf

ν2
0

(pulsating Grashof number) (17

Pr = µ0Cp,0

kf,0
(fluid Prandtl number) (18

The non-dimensional parameters given by Eqs. (1
(18) govern the heat transfer and flow in this system.
Reynolds number,Re, may be interpreted as the ratio
fluid inertial forces to viscous forces in the usual mann
The Pulsating number,Pu, has its origin in the transien
term of the total derivative of the momentum equation a
expresses the ratio of the transient inertial forces, induce
the reciprocation, to the fluid inertial force. The gravitatio
Grashof number,Grg , expresses the ratio of the buoyan
forces due to the earth’s gravitational field to viscous forc
The pulsating Grashof number,Grp , which features the
buoyancy interactions in a unsteady flow field, expres
the ratio of the buoyancy forces due to the effective b
force field created by the reciprocation to viscous forc
The Prandtl number,Pr, characterizes the fluid in the usu
manner.

Because the fluid velocities,U , V , andW are interrelated
in the convective term of momentum equation, the varia
in axial velocity,W , due to reciprocation also affects th
velocities ofU andV . The above argument suggests that
non-dimensional fluid velocities,U , V , andW , and the non-
dimensional temperature at the interface of fluid and he
wall, ηw, may be expressed as

U,V,W =U,V,W(X,Y,Z,Re,Pu,Grg,Grp,Pr) (19)

ηw = ηw(X,Y,Z,Re,Pu,Grg,Grp,Pr) (20)

The solutions of Eqs. (19) and (20) are also subject to
hydrodynamic, thermal and geometric boundary conditi
at the interface between the solid–wall and the coo
flow. These boundary conditions include the specific inte
geometries of the duct selected (i.e., the cross-secti
shape and length of the thermosyphon tube together
a full geometric description of the wall surface and a
the plenum chamber geometry). It is worth noting th
in actual marine RTA engine, the water is used as
coolant, which could yield the heat transfer results d
to the additional convective boiling phenomena and
heat transfer impacts of variations in Prandtl number. T
study is formulated as a preliminary study to explore
impacts of Re, Grg,p and Pu on heat transfer with th
Prandtl number effects and boiling phenomena isolated f
the present investigation. It is attempted to unravel
heat transfer impacts ofRe, Grg,p and Pu in Eq. (20)
that provides the basic understanding before the influe
of convective boiling phenomena, accompanying with
variablePr effects on heat transfer in a reciprocating an
gravity open thermosyphon to be explored. Therefore the
was selected as the test coolant that rules out the conve
boiling phenomena. As the variation of Prandtl number
l

e

air is small over the range of temperature covered by
experimental program undertaken, the influence of Pra
number may be conveniently removed from Eqs. (
and (19).

Based on the physical argument described above
experimental program is designed to permit thez-wise
temperature distribution along one heated walls of
thermosyphon tube to be examined over a range of
and reciprocation conditions. These measurements are
on the centerline of the heated wall. Thus, for a giv
geometrical configuration, the measured non-dimensi
wall temperature,ηw(Z), is expected to be functionall
related to the Reynolds number, the pulsating number
gravitational Grashof number and the pulsating Gras
number in some manner.

The interpolation and correlation of heat transfer res
in terms of non-dimensional wall temperature,ηw, offer a
direct measure of temperature solution at the interfac
coolant and heated wall. When the reference fluid tem
ature,T0, is customarily selected as the flow temperatur
the entrance of a thermal fluid system, the conventional N
selt number is related with non-dimensional wall tempe
ture,ηw , as

ηw(Z)= Re Pr

Nu(Z)

d2

As

= ϕ[Z,Re,Pu,Grg,Grp] (21)

where As is the entire heated surface area of the th
mosyphon tube andϕ is some functional relationship be
tween the relevant non-dimensional numbers. The rati
d2/As for the tested open thermosyphon is 0.0769. I
worth noting that the reference fluid temperature selected
evaluation of Nusselt number in this case isT0, which offers
convenience for engineering applications.

The experimental raw data are processed into the dim
sionless groups of Eq. (21). The convective heating po
Q̇f , used for calculating the temperature difference,,Tf , is
obtained by subtracting the external heat loss from the
heating power. The heat loss is evaluated based on the re
from a series of heat loss calibration runs. For tests at
highest temperature setting and reciprocating frequency
estimated heat loss during an experiment was about 16
of the total heating power supply. The local coolant ther
and transport properties (i.e., density, constant pressure
cific heat, thermal conductivity and viscosity) are evalua
by means of standard polynomial curve fitting functions
ing the measured fluid temperature at the flow entranc
plenum chamber. The isolated influence of each contro
parameter in Eq. (21) on the dimensionless wall tempera
ηw, is examined by varying one controlling variable with t
other parameters remaining constants. The strategic ai
the present study is to identifyϕ function through two data
generation phases and a detailed data analysis phase.
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3. Experimental details

3.1. Apparatus

A brief description of the reciprocating facility and
detailed description of test geometry are now presen
Fig. 3 shows a schematic drawing of the reciprocating
cility, which has been previously reported [12]. As show
cooling air fed from a compressor unit (1) was direc
into heat-transfer test module (2) through two control val
(3, 4), a float-type volume flow meter (5), a digital pre
sure gauge (6), and a flow calming tube (7). A therm
couple, which penetrated into the pipeline after the fl
meter (5), measured the flow temperature for the ev
ation of coolant mass flow rate. Adjustment of the n
dle valve (4) determined the flow rate required to achi
the pre-defined Reynolds number,Re, value. The coolan
was vented through the exit pipe of the heated test mo
after it passed through the heated test section. The rec
cating motion of the test module (2) was created by a cra
wheel mechanism driven by a 1 500W DC electrical m
tor (8). Using the pulley-belt unit (9) and the gear box (1
the flywheel (11) could be controlled to a desired rotatio

Fig. 3. Schematic diagram of reciprocating test facility.
-

speed. A counter balance weight (12) was fixed on the ro
ing wheel (10) in order to maintain dynamic balance dur
the reciprocating tests. An optical encoder (13) was insta
on the shaft to measure the rotational speed for the eva
tions ofPu andGrp .

Fig. 4 shows the constructional details of the squ
sectioned anti-gravity open thermosyphon actually tes
Two opposite smooth heated walls, and the sealed
heating-surface, were made of a continuous 15 mm w
0.1 mm thick stainless steel foil (1). This heating f
(1) was clamped between four Tufnol sidewalls (2)
secure its position in the thermosyphon. The two end
the heating surfaces were fixed on to the Tufnol bott
wall of thermosyphon (3) at which an electrical supp
was connected to directly heat the smooth-walled stain
steel foils. A high-current, low-voltage DC electrical pow
supply was directly fed through the heating foil (1)
generate the uniform flux heating condition. Starting fr
the center of the top sealed surface (4), twelveK-type
thermocouples were welded on the back of the stain
steel heating foil (1) to measure the wall temperatures.
100 mm wide Tufnol bottom wall (3) with four heigh
of 50 mm Tufnol sidewalls (5) formed a square-section
plenum chamber (6). A circular-sectioned coolant entra
tube (7) and an exit tube (8) permitted cooling air to
fed through the reservoir. These tubes were 12 mm
diameter and wee flush fitted to the bottom end of plen
chamber (9). The centers of the flow entrance and
tubes (7, 8) were located 32.5 mm from the inner sidew
of plenum chamber (5). Two thermocouples, respectiv
penetrate into the centers of the flow entrance and
tubes (7, 8), which measure the flow temperatures
and out of the test module. The temperature rise of
fluid passing through the reservoir,,Tf , was given by the
temperature difference between the measurements of
two thermocouples. A routine check for,Tf was constantly
performed using Eq. (11) in order to ensure the ene
balance. The maximum discrepancy between the meas
and calculated values of,Tf was selected as±10% over
which the data batch generated was abandoned. Four
bolts (10) tightened the complete test assembly, which
encapsulated within a stiffening tube (11). An in fill
thermal insulation material packed in the space betw
the test section and the stiffening tube (11) minimi
external heat loss. The built up heat transfer test mo
was vertically mounted onto the reciprocating facility so t
the anti-gravity open thermosyphon situation was simula
The length and hydraulic diameter of the test section
90 mm and 15 mm, respectively. Geometric features of
heat transfer test section have been specified in Table 1

Note it is clear that the detailed geometries of sealed t
mosyphon, plenum chamber and the entry/exit piping c
figurations could considerably affect the local heat trans
in thermosyphon. The primary task of present study is to
ravel the thermal fluid physics of anti-gravity reciprocati
thermosyphon with a specific set of thermal and geom
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Fig. 4. Constructional details of heat transfer test module.
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Table 1
Geometric features of test section

Geometric feature Dimension (mm)

Height of thermosyphon(H) 90
Hydraulic diameter of thermosyphon(d) 15
Height of plenum chamber(Hp) 50
Width of plenum chamber(Wd) 100

Geometrical dimensionless groups Dimensionless r

Aspect ratio of thermosyphon(d/H) 0.167
Aspect ratio of plenum chamber(Wd/Hp) 2

cal boundary conditions define by the test section depi
in Fig. 4. The methodology developed in this study to a
lyze the heat transfer data, which could lead to the gen
tion of empirical heat transfer correlation formulate the p
mary goal of present study. When the geometrical feature
thermosyphon unit vary for different design applications,
coefficients in the empirical correlations will be according
modified. The devised methodology could also be appl
ble when the detailed test geometries specified in Fig. 4
adjusted.

An electrical power control of heating power provided t
required heating current. Adjusting the heating power sup
varies the relative strength of the overall buoyancy leve
any fixed flow condition. All the temperature measureme
were monitored and stored in a DX33 PC using a Net-D
Fluke Hydra 2640A-100 data logger for the subsequent
processing. This data logging system provides 300 sca
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one second. The resolution and accuracy of thermocou
are respectively 0.01◦C and+0.1 ◦C.

3.2. Experimental program

This experimental program has three phases:

(1) Initially the heat transfer performance of the static a
gravity open thermosyphon was investigated. In t
way, the gravity-driven buoyancy effect on heat trans
is particularly studied. The extrapolated results w
zero buoyancy based on the data generated in
phase are treated as the asymptotic solutions of
reciprocation and zero buoyancy for the data anal
in the third phase.

(2) The second phase involved a systematic investiga
of the combined effect of the reciprocating buoyan
together with the system reciprocation. The range
experimental parameters covered was typical of th
encountered in the real engine case.

(3) The third phase involved an attempt to generate em
cal correlations to permit all the relevant physical effe
governing the system’s behavior to be examined. Th
the interactive effect of the buoyancy and the effec
body force created by the reciprocation together wit
transient inertial force due to reciprocation has been
raveled.

Note, because the viscosity and density of the coo
varied with the temperature, the mass flow rate was adju
to limit variations of the Reynolds and pulsating numbers
the entrance of the plenum chamber), to within±1% of the
nominal values selected.

Initially the instrumentation and data reduction progr
were checked out, with a series of static baseline heat tr
fer experiments. Correlations of the local heat transfer
terms of the Reynolds number and gravitational Gras
number, were determined for this static benchmark ph
This phase was followed by a series of reciprocating
periments. The reciprocating data was produced at a fi
value of Reynolds numbers. At each selected Reynolds n
ber, five sets of tests at the reciprocating frequencie
0.83, 1.25, 1.67, 1.83 and 2 Hz were performed. The
generated in this manner revealed the effect of recipr
tion on heat transfer. At each selected Reynolds/pulsa
number combination, five different levels of heating pow
(which raised the wall temperature, at the sealed end of
mosyphon tube, to nominal levels of 50, 75, 100, 110
120 (130)◦C, respectively), were used to systematically v
the effect of buoyancy by creating a range of gravitatio
and pulsating Grashof numbers.

The on-line data acquisition system collected and sto
the instantaneous temperature measurements for ever
riod of 10 seconds. These measurements were subsequ
time-averaged and the averaged data were printed on
screen of PC for scanning. A quasi-steady state cond
-

.

-
ly

Table 2
Range of experimental non-dimensional parameters

Non-dimensional parameter Range

Reynolds number 3500–920
Pulsating number 0–0.04
Gravitational Grashof number 530–270
Pulsating Grashof number 420–450

was assumed when the variations of the time-averaged
temperatures remained with in±0.3 ◦C. A period of about
45 minutes was required to achieve a quasi-steady state
dition.

The range of non-dimensional parameters covere
given in Table 2.

An analysis of the experimental uncertainties for t
apparatus and method of data reduction has been u
taken [13]. As the equilibrium state of reciprocating th
mosyphon flow system was approximated when the lo
wall temperature variations were in the range of±0.3 ◦C, the
maximum uncertainty in temperature measurement was
mated to be±0.3 ◦C. The maximum percentages of error f
the coolant’s specific heat, mass flow rate and thermal
ductivity and the fluid density were estimated as±0.03%,
±3.8%, ±0.21%, and±0.31% respectively. With the tem
perature difference between wall and fluid reference co
tion varied from 35 to 88◦C, the maximum uncertainty i
ηw, Re, Pu, Grg and Grp were 12.7%, 6.7%, 2.3%, 5.1%
and 6.8%, respectively.

4. Results and discussion

4.1. Static thermosyphon

In the absence of reciprocation, Eq. (21) shows
the local heat transfer in the static anti-gravity open th
mosyphon is dependent onRe and Grg . Fig. 5 shows
theZ-wise distributions of dimensionless wall temperat
obtained with three different values ofGrg at the fixed
Reynolds numbers of 5300, 7100 or 9200. Referring
Figs. 5(a)–(c), we note that the region of highest dimens
less wall temperature occurs in the sealed end of the
mosyphon tube. The anti-gravity nature of this station
thermosyphon appears to suppress convective moveme
the fluid with a tendency for the coolant to stratify with
this region of high temperature. In this region of high te
perature(Z > 5), a pair of tube-wise vortical flow cells tha
is typical in a closed long-cavity [1] facilitates heat tran
fer. Note, the measurement made atZ = 6 is at the centra
point of the top-end sealed surface. Due to the penetratio
coolant into the thermosyphon tube from the plenum ch
ber via coherent vortical flow cells induced by the cross-fl
over the entrance of thermosyphon [4], the lower dimens
less wall temperatures in the entrance region are consist
observed. As shown in Fig. 5, the downward data spre
driven by increasingGrg demonstrates the improved he
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Fig. 5. Typical axial distributions of dimensionless wall temperature in static thermosyphon.
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transfer due to buoyancy interaction. Note, the differenc
the non-dimensional wall temperatures driven by the va
tion of Grg at a given axial location tends to reduce whenZ

value or Reynolds number decreases. This suggests th
effect of buoyancy is becoming less important in the en
region of the thermosyphon. The induced circulation of fl
that effectively transports the heat transferred from the t
surface to the plenum chamber dominates entry-region
transfer so that the development of low dimensionless
temperatures in the region ofZ < 2 is accompanied with
less small data spreads driven by buoyancy variation. A
higher Reynolds number value of 9200 shown in Fig. 5
this feature is still pronounced.

The main observations that may be made from the res
shown in Fig. 5 are that the movement of fluid through
reservoir induces the coherent vortical flow cells in the
try region of the thermosyphon tube and that this circu
tion enhances with increases in the Reynolds number. T
the local wall to fluid heat transfer will be very much i
fluenced by this induced flow circulation in the vicinity
the tube entrance. Additionally there is a clear super
posed effect of buoyancy, as characterized by the gra
tional Grashof number. Local heat transfer is significan
increased by buoyancy particularly in the vicinity of t
sealed end of the thermosyphon tube. Two interacting
mechanisms control the heat transfer characteristics of
form of closed anti-gravity thermosyphon. Firstly, vortic
flow cells induced in the entry region of the thermosyph
tube occur due to the continuous circulation of fluid throu
the reservoir. Secondly, the temperature- dependent
density combines with the gravitational force to produc
free convection effect. An attempt has been made to d
mine a correlating equation, in terms of the relevant n
dimensional parameters discussed in Section 2.2. The s
ture of this correlating equation has to be mathematic
consistent with the controlling physics. In the limiting ca
e

t

,

-

Fig. 6. Variation of dimensionless wall temperature with gravitatio
Grashof number in static thermosyphon with Reynolds numbers of 7
8550 and 9200 at axial locationZ = 3.

of zero buoyancy, the heat transfer mechanism is ent
controlled by the induced flows from the reservoir so tha

η0
wZB =Φ(Z,Re) (22)

whereη0
wZB is the zero buoyancy asymptotic dimensionl

wall temperature in the static thermosyphon andΦ is an,
as yet, undetermined function of the axial location a
Reynolds number.

Fig. 6 shows an illustrative example to demonstrate
procedure of revealing zero buoyancy asymptotic dim
sionless wall temperature data. At each measuring sta
the local dimensionless wall temperature decreases wit
creasing gravitational Grashof number for a given Reyno
number. These individual curves were numerically extra
lated back to the origin to determine the zero buoyancy
mensionless wall temperature for each axial location wh
measurements were made. The variation of the zero b
ancy dimensionless wall temperature with Reynolds num
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Fig. 7. Variation of dimensionless wall temperature at zero-buoyancy
with Reynolds number for axial locations 0.5 and 5Z.

Table 3
Correlations ofη0

wZB in static thermosyphon

Z η0
wZB =A(Z)× ReB(Z)

A(Z) B(Z)

0.5 3.437E−2 0.6808
1 1.249E−2 0.8081
1.5 5.082E−3 0.9181
2 2.933E−3 0.98
2.5 2.955E−3 0.98
3 3.104E−3 0.99
3.5 3.314E−3 0.992
4 3.132E−3 0.999
4.5 3.087E−3 1.002
5 3.001E−3 1.011
5.5 4.703E−3 0.998
6 6.093E−3 0.996

at three measurement locations is also shown in Fig. 7. T
individual curves were correlated using a power form and
results for each axial location is given in Table 3.

Referring to Eq. (21), when the Reynolds number is ze
the extrapolated zero-buoyancy asymptotic dimension
wall temperature value corresponds to zero value of N
selt number. Also the dependency of Nusselt numbe
Reynolds number vanishes when the power indexB(Z) be-
come unity. Heat transfer in the limiting case of zero bu
ancy withB(Z)= 1 features vanishedRe effect. In this case
wall to fluid heat transfer is completely facilitated by therm
conduction and diffusion. Justified by the numerical res
of B(Z) shown in Table 3, the vanishedRe effect prevails in
the axial region ofZ > 2.5. Following the argument in Sec
tion 2.1, the dimensionless parameters,Grg andGrp charac-
terize two different modes of buoyancy interactions, wh
could not exist simultaneously. Thus Eq. (22) is treated
the zero buoyancy asymptotic heat transfer solution in re
rocating thermosyphon withPu = 0.

Fig. 8 shows the combinedRe and Grg effects on
dimensionless wall temperatures at axial location ofZ = 3.
All the dimensionless wall temperature data could be w
Fig. 8. Variation of dimensionless wall temperature withRe2/Grg in static
thermosyphon at axial locationZ = 3.

Fig. 9. Comparison of measurements and correlation results of dimen
less wall temperature in static thermosyphon.

correlated by a linear function. A detailed study of t
entire data generated with different axial locations shows
similar results typified in Fig. 8 which agreement has led
the proposal that the combined effect of Reynolds num
and gravitational Grashof number in the static thermosyp
may be correlated with an equation having the follow
mathematical structure

η0
w = C(Z)+D(Z)× Re2

Grg
(23)

whereη0
w is the local dimensionless wall temperature

the static condition and coefficientsC andD are functional
variables of axial locationZ. A detailed examination of th
local data gave rise to the proposals shown in Table 4 fo
coefficientsC andD. Fig. 9 compares the actual measu
experimental local dimensionless wall temperatures w
those predicted using the empirical correlations given
Table 4. As demonstrated in Fig. 9, 85% of the entire d
generated agree with the correlation results with in±20%
difference.

4.2. Reciprocating thermosyphon

When the flow in a heated reciprocating thermosyp
reaches the quasi-steady state, the convective inertia
reciprocating forces couple with buoyancy interaction
generate dynamic periodical flow pattern. This produces
attendant temporal heat transfer variation at each meas
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Table 4
Correlations ofη0

w in static thermosyphon

Z η0
w =C(Z)+D(Z)× Re2/Grg

C(Z) D(Z)

0.5 10.25 8.99E−5
1 11.32 7.29E−5
1.5 12.84 9.98E−5
2 12.8 9.91E−5
2.5 13.6 1.11E−4
3 13.3 1.27E−4
3.5 14.78 1.28E−4
4 14.83 1.30E−4
4.5 14.85 1.32E−4
5 14.87 1.41E−4
5.5 14.95 1.45E−4
6 15.43 1.46E−4

station. After taking the averaged value of the time-wise h
transfer measurements for a period of 10 seconds, the t
averaged heat transfer results are determined. Figs. 1
(c) show the tube-wise distributions of dimensionless w
temperature at Reynolds number of 7100 when the t
mosyphon reciprocates at frequencies of 0.83, 1.25
1.67 Hz respectively. The axial distributions of dimensio
less wall temperature obtained with three ascending hea
levels at eachRe−Pu option are compared in each plot
Fig. 10 to show the reciprocating buoyancy effects in i
lation. Also the static heat transfer solution evaluated fr
Eq. (22) is re-produced in Fig. 10 to compare with the res
obtained with various reciprocating conditions. The comp
ative difference between the static and reciprocating res
shown in Fig. 10 demonstrates the synergistic effects o
ertial force, reciprocating force and buoyancy interaction
heat transfer.

As shown in Fig. 10, the synergistic effects of inert
force, reciprocating force and buoyancy interaction co
either increase or reduce the regional dimensionless
temperatures from the static references of zero-buoyanc
the hot sealed end of thermosyphon(Z > 5), reciprocation
could considerably reduce the dimensionless wall temp
tures and therefore improves the regional heat transfer
anyRe−Pu option performed by the present study, the c
sistent downward data spreads ofηw , driven by the increas
of pulsating Grashof number, prevail over the entire th
mosyphon. The isolated buoyancy effects in the recipro
ing thermosyphon remain persistent to improve heat tran
The increased dimensionless wall temperatures from the
tic zero-buoyancy reference in the region ofZ < 5 as shown
in Fig. 10 are thus attributed to thePu effects. The attemp
to revealPu effect on heat transfer with controlled buo
ancy level is followed by comparing the heat transfer res
obtained with the similar levels of reciprocating Grash
number at a fixed Reynolds number. This is demonstr
in Fig. 11 where the tube-wise distributions of dimensi
less wall temperature measured with pulsating number
0.0088, 0.0132, 0.0176 and 0.0212 are compared with
-
–

-

Fig. 10. Axial distributions of dimensionless wall temperature in recip
cating thermosyphon with Reynolds numbers of 7100 at reciprocating
quencies of 0.83, 1.2 and 1.67 Hz.

static zero-buoyancy results for Reynolds number of 85
Note thatGrp for this set of reciprocating data is select
at about 1140. The consistent upward data spreads o
mensionless wall temperature driven by increasing pu
ing number at fixed values ofRe andGrp are observed in
Fig. 11. Heat transfer in reciprocating thermosyphon is g
ually reduced whenPu increases from 0.0088 to 0.0212. B
cause Fig. 10 has confirmed that the isolated reciproca
buoyancy effect improves heat transfer, a further increas
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Fig. 11. Axial distributions of dimensionless wall temperature in recip
cating thermosyphon with various pulsating numbers at Reynolds num
of 8550 and reciprocating Grashof number of 1140.

dimensionless wall temperature from the reciprocating
els depicted in Fig. 11 for the limiting case of zero-buoya
is clear when the buoyancy levels increase from zero va
In the hot sealed end(Z > 5), the values ofηw are initially
reduced from the static levels whenPu increases from 0
to 0.0088. Following this heat transfer improvement reg
is a subsequent impediment whenPu is further increased.

The isolation ofRe variable from Eq. (21) could consid
erably simplify the strategic task of seeking for the cor
lating equation that evaluates the individual and interac
effects of inertial, reciprocating and buoyancy forces on h
transfer. To uncouple the effects ofRe from Pu andGrp at
any axial location in the reciprocating thermosyphon is
tempted by normalizing the reciprocating non-dimensio
wall temperature withRen(Z) summarized in Table 3. T
demonstrate the isolation ofRe variable from Eq. (21), two
sets of illustrative examples are collected in Fig. 12, wh
the axial distributions of scaled dimensionless wall temp
ature in terms ofηw/Ren(Z) are produced from three di
ferent Reynolds numbers but at the fixed values of pul
ing number and reciprocating Grashof number. As see
Fig. 12(a) and (b), the maximum variation in the scaled
mensionless wall temperature is about 22% of data sp
that develops at location of 0.5Z. The rapid decrease in th
Re driven data spread appears in the further downstream
ward the sealed end of reciprocating thermosyphon. D
generated with three different Reynolds numbers at each
sating number of 0.0159 or 0.0282 collapses into very t
data band in the axial range ofZ > 1. The convective force
effect in the region ofZ > 1, quantified by theRen(Z) rela-
tionship in Eq. (22), are demonstrated to be uncoupled f
the reciprocating force effects when theηw is normalized
with the equation involving theRen(Z) structure. As theRe
variable could be uncoupled from the reciprocating force
fects, the individual effect of pulsating force on heat tra
fer with zero-buoyancy condition is attainable by followi
the extrapolating procedure illustrated in Fig. 6. As see
Fig. 12. Axial distributions of normalized dimensionaless wall tempera
with different Reynolds numbers at fixed pulsating and reciproca
Grashof numbers.

Fig. 13 where the scaled dimensionless wall temperatu
ηw/Ren(Z), generated at fixed pulsating numbers are p
ted against reciprocating Grashof number, the data trend
creases linearly whenGrp increases at each specified p
sating number. The fact that reciprocating buoyancy ef
improves heat transfer is reconfirmed. The extrapolatio
each data set obtained at the same pulsating number tow
the zeroGrp limit acquires the zero-buoyancy wall tempe
ature data. Therefore the intercept of each linear correla
line depicted in Fig. 13 is treated as the zero-buoyancy
transfer solution in terms ofηw/Ren(Z) which is function of
pulsating number and axial location. Note the slope of e
correlating line shown in Fig. 13, which varies with puls
ing number and axial location, could be treated as an inde
assess the degree of buoyancy effect on heat transfer. A
magnitude of the slope represents strong buoyancy effe
heat transfer. The variations of zero-buoyancy heat tran
data with pulsating number from the static zero-buoya
reference at axial locations of 3, 5.5 and 6Z are depicted
in Fig. 14. It is typical in the axial region ofZ < 5 that the
normalized dimensionless wall temperatures obtained w
out buoyancy interaction increase with the increase of
sating number as demonstrated in Fig. 14. The pulsa
force effect alone impairs heat transfer in the axial reg
of Z < 5. However, in the vicinity of sealed end of recipr
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Fig. 13. Variation of dimensionless wall temperature with reciproca
Grashof number in reciprocating thermosyphon for various pulsa
numbers of 0.0088, 0.0176 and 0.0212 at axial locations of 0.5Z and 3Z.

Fig. 14. Variations of zero-buoyancy normalized reciprocating dimens
less wall temperature with pulsating number at axial locations of 3Z, 5.5Z
and 6Z.

cating thermosyphon(Z > 5), the dimensionless wall tem
perature affected by the pulsating force alone is initially
duced from the static condition with weak reciprocation,
increases when the pulsating number further increases
Fig. 14). This heat transfer result at the condition of ze
buoyancy is attributed to the influences of pulsating for
on the vortical flow structures developed in this spatial
e

gion. Although the vortical flow structures in the recipr
cating thermosyphon appear to be dynamic in nature,
strength of second vortices developed in this spatial re
of thermosyphon is initially weakened but subsequently
hanced when the pulsating number gradually increases
Heat transfer affected by pulsating force alone is initia
improved at low pulsating number near the sealed en
reciprocating thermosyphon. A subsequent heat transfe
duction in this axial region, that follows the initial heat tran
fer improvement due to further increase of pulsating num
could lead to considerable heat transfer impediment from
static condition at high pulsating number as demonstrate
Fig. 14. This heat transfer impediment from the static
erence caused by the individual pulsating force effect
quires particular attention in order to avoid the developm
of overheating spots in a reciprocating piston.

4.3. Reciprocating heat transfer correlations

The isolated effect of Reynolds number on heat tran
of reciprocating thermosyphon in the axial region ofZ > 1
is well taken into account viaRen(Z) relationship. Using
a series of cross plots, based on Fig. 13, but applie
a range of axial locations, it was possible to interpolat
series of correlating lines for the normalized dimension
wall temperature against the reciprocating Grashof num
for a range of specific buoyancy levels. A linear form
correlating equation, as demonstrated in Fig. 13, is follow
by all the axial locations examined so that
ηw

Ren
= Ψ1(Pu,Z)+Ψ2(Pu,Z)× Grp (24)

whereΨ1 andΨ2 are functions of pulsating number and ax
location. Note thatΨ1 coefficient features the zero-buoyan
solution that quantifies the individual pulsating force effe
The Ψ1 value is forced to theA value summarized in Ta
ble 3 at zero reciprocating speed(Pu = 0) by virtue of the
stationary convective solution in the limiting cases of ze
buoyancy. The assumed linear functional form of Eq. (
with respect to the reciprocating Grashof number perm
another simplification in the quest for a correlating eq
tion of heat transfer in reciprocating thermosyphon. As ill
trated in previous section, Fig. 14 has depicted the functi
shapes ofΨ1 over a range of axial locations that is treat
as zero-buoyancy reciprocating heat transfer data. The
ner in whichΨ2 varies with the pulsating number at the a
ial locations of 3, 5.5 and 6Z are, respectively, depicted
Fig. 15. The varying pattern typified in Fig. 15 is followe
by the results obtained at all the axial locations. Note
the values ofΨ2 remain negative over the ranges of puls
ing numbers and axial locations examined, indicating
the reciprocating buoyancy effect improves heat transfer
shown in Fig. 15, the influences of reciprocating buoya
on heat transfer as indexed byΨ2 value vary with pulsat-
ing number. The existence of coupling pulsating and bu
ancy effect on heat transfer in the present reciprocating t
mosyphon is therefore demonstrated. There is a minim
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Table 5
CoefficientsC1–C5

Z Ψ1 =A(Z)+C1(Z)× Pu +C2(Z)× Pu2 Ψ2 = C3(Z)+C4(Z)× Pu +C5(Z)× Pu2

C1 C2 C3 C4 C5

0.5 −0.4548 31.42 −1.13E−5 7.789E−4 −1.553E−2
1 −0.1428 11.17 −2.38E−6 7.893E−5 −1.65E−3
1.5 −0.1085 5.232 −1.81E−6 7.734E−5 −1.503E−3
2 −0.02975 2.822 −1.18E−6 7.687E−5 −1.484E−3
2.5 −0.03383 2.95 −1.15E−6 7.5E−5 −1.469E−3
3 −0.02911 2.82 −1.25E−6 8.047E−5 −1.543E−3
3.5 −0.0288 2.926 −1.27E−6 8.133E−5 −1.568E−3
4 −0.0289 2.883 −1.23E−6 7.948E−5 −1.553E−3
4.5 −0.053 2.494 −1.22E−6 7.546E−5 −1.536E−3
5 −0.05793 4.09 −1.277E−6 9.667E−5 −1.81E−3
5.5 −0.1672 6.635 −1.349E−6 9.741E−5 −1.779E−3
6 −0.2679 8.846 −1.32E−6 8.805E−5 −1.562E−3
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Fig. 15. Variation ofΨ2 function with pulsating number at axial location
of 3Z, 5.5Z and 6Z.

magnitude ofΨ2 value taking place at the pulsating numb
in the range about 0.025–0.035 within which the buoya
effect remains relative weak. Further increase or decr
of the pulsating number from this range results in the
crease of the magnitude ofΨ2 value, which enhances th
influence of reciprocating buoyancy on heat transfer.
by a detailed examination of all axial location versions
Figs. 14 and 15, it is proposed thatΨ1 andΨ2 can be reason
ably well correlated by the equations in the following ge
eral forms

Ψ1 =A(Z)+C1(Z)× Pu +C2(Z)× Pu2 (25)

Ψ2 = C3(Z)+C4(Z)× Pu +C5(Z)× Pu2 (26)

whereCs are functions of non-dimensional axial location,Z.
The numerically determined curve fits for theCs coefficients
are listed Table 5.

The empirical correlation based on a physical interp
tation of the governing conservation equations of mom
tum and energy has been derived following an experim
tal approach to resolve the influences of inertia force
the coupling effects of pulsating and reciprocating bu
ancy forces on heat transfer in a smooth-walled recip
cating anti-gravity open thermosyphon. Comparing all
experimental measurements with the correlative predict
based on Eq. (24) has performed as a review for the o
Fig. 16. Comparison of measurements and correlation results of dimen
less wall temperature in reciprocating thermosyphon.

all success of this empirical proposal. Over the entire ra
of parametric conditions studied, 85% of the present
perimental dimensionless wall temperature data are fo
to agree within±26% of the correlation proposed. Fig. 1
summarizes the comparison of experimental measurem
and correlative results for all the axial locations detec
in the reciprocating thermosyphon. Consider the comp
ities of the flow and heat transfer in the reciprocat
anti-gravity open thermosyphon, the proposed correla
could offer a good indication of the individual and com
bined effects of convective inertial force, pulsating fo
and reciprocating buoyancy interactions on heat tran
in a smooth-walled reciprocating anti-gravity open th
mosyphon.

5. Conclusions

This experimental study examined the heat transfer p
sics inside a smooth-walled reciprocating square-sectio
anti-gravity open single-phase thermosyphon. The inte
tive and isolated effects of Re,Grg , Pu, andGrp on heat
transfer along the centerline of heated surface have been
ticularly studied. In conclusion, the following observatio
emerge from the data generated within the present para
ric ranges tested.
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(1) The local dimensionless wall temperature in the
tic thermosyphon decreases with gravitational Gras
number for all the Reynolds numbers tested, which
dicates the improved heat transfer by enhancing bu
ancy. Two interacting flow mechanisms, namely
Reynolds number associated flow circulations inside
thermosyphon and the superimposed buoyancy effe
control the heat transfer characteristics of this form
anti-gravity open thermosyphon that could be well c
related in terms ofRe2/Grg . A heat transfer correla
tion, which satisfies both limiting cases ofPu = 0 and
Grg = 0, is derived to evaluate the local dimensio
less wall temperature along the centerline of the he
surface in the static thermosyphon. In the limiting ca
of zero buoyancy, the Reynolds number effect on h
transfer is gradually weakened and tend to diminish
the axial region ofZ > 2.5 when flow approaches th
sealed end of static thermosyphon.

(2) The synergistic effects of inertial force, reciprocat
force and buoyancy interaction could, respectively,
crease or reduce the regional dimensionless wall t
peratures in the axial regions ofZ < 5 andZ > 5 from
the static reference of zero-buoyancy.The isolated re
rocating buoyancy effect remains persistent to impr
local heat transfer. The convective force effects on h
transfer described in terms ofRen(Z) are demonstrate
to be decoupled from the influences of reciprocat
forces in the axial region ofZ > 1. This isolated convec
tive force effect increases the dimensionless wall te
perature when Re increases. The individual pulsa
force effect impairs the heat transfer in the axial
gion ofZ < 5. Near the sealed end of the reciprocat
thermosyphon, heat transfer affected by pulsating fo
alone is initially improved at a low pulsating numb
A subsequent heat transfer reduction in this axial reg
is followed after the parametric region of initial he
transfer improvement when the pulsating number c
tinuously increases, which varying tendency could le
to considerable heat transfer impediment from the
tic condition at high pulsating number. This heat tra
fer impediment from the static reference caused by
individual pulsating force effect requires particular
tention in order to avoid overheating spots in a recip
cating piston.

(3) The proposed correlation of dimensionless wall temp
ature, which is convenient for engineering applicatio
and consistent with the heat transfer physics, per
the isolated and combined effects of inertial, pulsat
,

and buoyancy forces in the reciprocating smooth-wa
anti-gravity open single phase thermosyphon to be ta
into account.
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