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Abstract—The reciprocating heat-transfer device or reciprocating heat pipe has a high effective thermal
conductance, and applications can be found in various reciprocating mechanisms, including offset cam
mechanisms, Scotch yoke mechanisms, and piston assemblies of internal combustion engines. The liquid
return mechanism presents the most important operating limitation for this type of heat-transfer device.
In this paper, the potential applications of the reciprocating heat-transfer device to various reciprocating
mechanisms are described. Theoretical analyses are performed for the critical working frequency of
the device in connection with the reciprocating mechanisms. An analytical solution and semi-empirical
correlation, with and without taking into account the flow resistance, are obtained. Extensive experiments
for the critical working frequency are then undertaken on an engine tester. Comparison of the analytical
and experimental results indicates that the analytical solutions and semi-empirical correlation provide
an accurate prediction for the working limits of reciprocating heat-transfer devices. © 1997 Elsevier

Science Ltd.

INTRODUCTION

The reciprocating heat pipe and its application in pis-
ton engines was first proposed by Cao and Wang [1]
and Wang ez a/. [2]. Similar to conventional heat pipes
[3-6], the reciprocating heat pipe is a liquid/vapor
two-phase heat transfer device that has an evaporator
at the heat input section and a condenser at the cooling
section. The major difference between the con-
ventional heat pipe and the reciprocating heat pipe is
the liquid return mechanism from the condenser sec-
tion to the evaporator section. The liquid condensate
is returned from the condenser section to the evap-
orator section through the capillary force for wicked
heat pipes, gravity for thermosyphons, and centrifugal
force for rotating heat pipes. In wickless reciprocating
heat pipes, however, the liquid return is achieved
through the shaking-up of inertia force due to the
axially reciprocating motion of the heat pipe. Exten-
sive study has been made to understand the working
mechanism of the heat pipe [2, 7, 8]. Investigations
for the afore-mentioned heat pipe were conducted for
a slider—crank mechanism of an internal combustion
engine. However, the reciprocating heat pipe also has
potential applications in many other reciprocating
mechanisms, such as the cam-follower mechanism,
offset slider—crank mechanism, harmonic motion
mechanism, and Scotch yoke mechanism. Figure 1
schematically illustrates some potential applications
of the reciprocating heat-transfer devices in various
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Fig. 1. Application background of reciprocating heat pipes:

(a) engine with offset slider—crank mechanism; (b) engine

with on-center slider—crank mechanism; (c) cam-follower
mechanism ; (d) scotch yoke mechanism.

mechanisms. The locations where the heat transfer
device could be installed are also indicated in the
figure. Like many conventional heat pipes, the reci-
procating heat pipe is subjected to certain working
limitations. The most important working limitation
for the current heat transfer device is the minimum
reciprocating frequency of the reciprocating mech-
anisms, below which the liquid condensate cannot
return from the condenser section to the evaporator
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a acceleration [m s

Ay,  cross-sectional area of heat pipe [m3]
A,, frontal area of liquid particle [m’]
A, lateral area of heat pipe [m’]

A, lateral area of liquid volume in heat

pipe [m’]
d inner diameter of heat pipe [m]
D, hydraulic diameter [m}
e offset of slider-crank mechanism [m]

Fr mean resistant force acted on liquid
particle in the time travel 1 — 7, [N]

F, frictional force acted on liquid particle
(N]

F, vapor drag force [N]

fmin  critical working frequency of heat pipe
(Hz]

g acceleration of gravity [m s ™7

h absolute displacement traveled by the

liquid particle when the flow resistance is
neglected [m]

hy absolute displacement traveled by the
liquid particle from the separation point
to the top end of the evaporator section
[m]

n absolute displacement traveled by the
liquid particle when the flow resistance is
not neglected [m]

hgg latent heat of vaporization [J kg™']

k location coefficient

/ length of piston connecting rod [m]

NOMENCLATURE

L total length of heat pipe [m]

L, length of evaporator section [m]

L, height of liquid charge in heat pipe [m]

m, mass of liquid particle [kg]

m mass of liquid in heat pipe [kg]

Pr Prandtl number of saturated liquid

Q heat input at evaporator section [W]

¥ engine crank radius [m]

ratio ratio of liquid volume to heat pipe
volume

Xy the upper dead end of heat pipe [m}

t time {s]

u,  mean velocity of liquid particle [m s™']

u,,, mean velocity of vapor in heat pipe
[ms™]

v velocity of heat pipe {ms™]

Umin  critical working velocity of heat pipe
[ms™']

Vi liquid volume in heat pipe [m’]

V., heat pipe volume [m’].

Greek symbols
o liquid density [kg m ™
Dy vapor density [kg m™

) declination angle of reciprocating heat
pipe [degree]

W angular velocity of engine crank
[rad s7']

W, critical working angular velocity of

engine crank [rad s™'].

section, and thus the heat pipe ceases to function. This
minimum reciprocating frequency at which liquid can
continuously reach the evaporator section and, there-
fore, the heat pipe can work steadily is also defined as
the critical working frequency of the heat pipe. The
major objective of this paper is to study this critical
working frequency both analytically and exper-
imentally for various axially reciprocating mech-
anisms.

ANALYTICAL SOLUTIONS FOR THE CRITICAL
WORKING FREQUENCY

Since the reciprocating heat pipe is installed in the
reciprocating element, the motion of the heat pipe is
the same as the reciprocal motion of the element. For
generality, an offset slider-crank mechanism with an
upright slider and a wickless reciprocating heat pipe
is studied (as shown in Fig. 2). Consider a typical
liquid particle which is initially at the surface of the
liquid on the bottom of the heat pipe when the heat
pipe begins to move upwards from the lowest point.
The motion of the slider/heat-pipe combination is
confined within the dead ends of the slider. When the

heat pipe moves upwards, it carries the liquid particle
with it at the same time. Therefore, the liquid particle
has the same velocity as that of the heat pipe during
the initial period of the upward stroke. Due to the
reciprocating characteristics of the slider—crank mech-
anism, the velocity of the heat pipe will reach the
maximum value and the corresponding acceleration
of the heat pipe will become zero when the heat pipe
reaches a certain location corresponding to time,
t = t,. At this time, 1, the liquid particle begins to
separate from the bottom of the heat pipe. For 7 > £,
the acceleration of the heat pipe becomes negative,
and the heat pipe velocity is gradually reduced. The
velocity of the heat pipe will be zero when the heat
pipe reaches the upper dead end. Since the motion of
the liquid particle is not controlled by the crank-slider
mechanism after the separation, the liquid particle is
subject only to the gravitational force and resistant
forces acting on the liquid particle. At the separating
time, f,, the initial velocity of the liquid particle is
equal to the velocity of the heat pipe. After the separ-
ation, the velocity of the liquid particle will be initially
higher than that of the heat pipe, since the heat pipe
velocity is reduced much faster than that of the liquid
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Fig. 2. Schematic of reciprocating mechanism with a heat
pipe.

particle due to the reciprocating motion of the mech-
anism. However, the particle velocity will also be
gradually reduced due to the effect of gravity and
resistant forces. Consider a particular moment in the
fixed Newtonian coordinate system when the heat pipe
moves up to the upper dead end, x,, from the sep-
aration point x(wt,). If at the same time the liquid
particle just reached the top end of the heat pipe when
its velocity is reduced to zero, the absolute displace-
ment, A, of the liquid particle from the separation
point is the superposition of the displacement of the
particle relative to the heat pipe and the displacement
of the heat pipe itself, as shown in Fig. 2. Therefore,
hy can be expressed by the following equation :

hy = (l—VVL>L+[Xh"x(wfo)] H

where x,, and x(wt,) are, respectively, the upper dead
end and separation position of the heat pipe. ¥, and

Vy, are the liquid charge volume and the total heat
pipe interior volume, respectively, and L is the length
of heat pipe. However, even if the liquid particle could
return only to a certain location in the evaporator
section instead of the top end, the heat pipe may still
work steadily due to the axial heat conduction along
the container wall. Therefore, the actual displacement
required for the liquid particle may be smaller than
that given by equation (1), and may be expressed as:

h=hy—kL, 2)

where L, is the length of the evaporator section and &
is the location coefficient, 0 < k < 1. kis zero when the
liquid particle reaches the top end of the evaporator
section, and is unity when the liquid particle could
just reach the bottom end of the evaporator section.
If the reciprocating heat pipe is installed with an incli-
nation angle 0, the following equation can be obtained
through the conservation of energy in the Newtonian
coordinate system, when the resistant forces are neg-
lected as a first approximation :

i 2

M Umin = Mpghcos 3)

where m, is the mass of the liquid particle and vy, is
the velocity of the liquid particle at the separation
time, ¢, which is the same as the heat pipe velocity at
the separation.

For different reciprocating mechanisms, the values
of v, and 4 in equation (3) are different. For the
offset slider~crank mechanism, as shown in Fig. 1(a),
the dimensionless displacement of the heat pipe is of
the form:

X 1 2 2 2 oim2 :
—=cosmi+ —/I°—e —r”sin° wt—2ersinwt.
¥ r

4

The dimensionless velocity and acceleration of the
heat pipe are then, respectively :

v 1 dx
ro rode
. rsin 2wt + 2e cos wt
= —sinw!— - - ®)
2\/12 —e?—r?sin® wt—2ersin wt
a 1 de

rcos 2wt — e sin wt
J1?—e? —r*sin? wr— 2ersin ot

= —COSwf—

1 7* sin? 2wt + 4er? sin 2wt cos wt + 4e’r cos® wt

4 (I —e* —r?sin? wt —2ersin w?)'*

(6)

Therefore, the following equations for the dis-
placement difference in equation (1) can be obtained :
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Xy —X{wty) = JU+r) —e*—r (cos t,

1
+ ;\/l2 —e? —r?sin? wt, —2ersin wt(,). (7a)

Substituting equation (7a) into equation (2) yields:

V
h= <1~ VVI)L+~/(1+V)2—ez—r <coswt0
bp

1
+;\/12—ezar2 sinwto—zersinwt(,)—kLe. (7b)

The critical working velocity, v.,,, in equation (3)
can be found from equation (5) at the separation point
wly:

Umin = — FOmin (sin Wiy

|
3 rsin 2wt, + e cos wi,

+ = — - ) 8)
V12 —e* —r? sin® wt, — 2er sin wt,

The critical angular velocity and the critical working
frequency in equation (8) are related through the fol-
lowing equation :

Wryin = 27r.fmin (9)

Substituting equations (7b), (8) and (9) into equation
(3), and rearranging it, the critical frequency can be
expressed by the following equation:

A /1
Jin == [ 5ghcost (10)
ary\ 2
where
A=
1 . —1
Ersm 2wty +ecoswiy
—lisinwity +

I? —e* —r*sin? wty —2er sin wt,

Equation (10) is the analytical solution for the criti-
cal working frequency when the flow resistance and
surface tension acting on the liquid particle is negli-
gible. The crank angular position, wt,, at separation
in equation (10) is a constant, and it can be found
from equation (6) by setting the acceleration to be
7ero:

¥ COs 2wty —e sin wi
0 0
V12 —e* —r?sin? wt, — 2er sin wt,

—Ccoswty —

1 7% sin? 2wt, + 4er? sin 2mwt, cos wty +4e’r cos? wi,

4 (1

—e? — 12 sin® wi, —2ersinwty) '’
=0. (11

If offset e = 0, the offset slider—crank mechanism is
reduced to the on-center slider—crank mechanism as

shown in Fig. 2(b) and the relation for the critical
working frequency is readily obtained :

: Y heoso
1 rsin 2wty 2 cosv.

2 /12— sin? wt,

f;nin =_
r .
—Smnwi, —

(12)

Equation (12) is the analytical solution for the on-
center slider—crank mechanism when the flow resist-
ance and surface tension acting on the liquid particle is
negligible. The crank angular position wt, in equation
(12) is a constant, and it can be found from equation
(6) by setting the acceleration to be zero ate = 0:

rcos 2wty

STl e
V=1 sin® ot

—COS Wy, —

1 ¥ sin? 2w,

o ARy,
4 (12 —r? sin® wiy)?

(13)

If the connecting rod length / > r and e, equations
(4)-(6) can be simplified to the following forms:

X =rcoswi+! (14)
v = —rosinwt (15
a= —ro’coswt. (16)

The motion of the heat pipe, therefore, becomes the
harmonic motion. If the connecting rod length is zero,
the mechanism is called the Scotch yoke mechanism,
as shown in Fig. 1(c). The motion of the heat pipe in
the Scotch yoke mechanism is a pure harmonic
motion, and the corresponding dimensionless dis-
placement becomes :
X
P coswt. (17
The dimensionless velocity and acceleration of the
heat pipe are similar to equations (15) and (16). Simi-
larly, substituting the above displacements, velocities,

and accelerations into equations (1)-(3), and
rearranging them, we then obtain:

h = (1—%‘)14-4‘-7(1—0050)[0)—1{146 (18)

hp
Vmin = — FOpmin SIN 01 19)
frnin = «—]—— 1 hcos 0 (20)
IR e sin ot 9neos
coswty, = 0. (21)

The values of wi, for all three typical mechanisms
should be taken within 180° < wt, < 360°, cor-
responding to the upward motion of the heat pipe.
The values of the heat-pipe inclination angle are
0° < 6 < 90°. For a general heat-pipe design, the value
of k in equation (2) can be taken as 0.5, which cor-
responds to the middle section of the evaporator.
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1t should be pointed out that the above analytical
relations are derived based on the three typical axially
reciprocating mechanisms shown in Fig. 1. However,
for any other axially reciprocating mechanisms, if
their displacement, velocity, and acceleration are
known, the analytical solutions for the critical work-
ing frequency of the heat pipe can also be obtained
based on equations (1)-(3). The reciprocating heat
pipe can work steadily if the working frequency of
heat pipe is higher than the critical working frequency.

SEMI-EMPIRICAL CORRELATION FOR THE
CRITICAL WORKING FREQUENCY

The analytical solutions presented in the earlier sec-
tion are based on the assumption that the flow resist-
ance and surface tension are negligible. In practice, a
liquid particle traveling in the heat pipe is subjected
to various resistant forces, such as those due to vapor
flow, other liquid particles, and the container wall, in
addition to the gravitational force. In this section,
these resistant forces are included in the analysis.
Based on conservation of energy, the motion of a
typical liquid particle in Fig. 2 can be described by the
following equation :

amyn, = ni,gh’ cos 0+ Frht’ (22)
where Fy is the total resistance acting on the liquid
particle, 7" is the absolute displacement of the liquid
particle from the separation point to a certain location
of the evaporator section, when the effect of resistant
force is taken into consideration.

For the on-center slider—crank mechanism, as
described through equations (4) and (5), the velocity
Umin Of the heat pipe is proportional to rwy,,, i.e.:

Umin = \/Erwmin

where C is a proportionality constant. 4 is related to
h through another constant, C:

(23)

W = Ch. (24)

Substituting equations (23) and (24) into (22) yields:

1, F
—Crion, = C, <gcos()+ m—R>h. (25)

2 P

In fact, the total flow resistant force acting on the
liquid particle consists of the frictional force and
vapor drag force, i.e.:

Fe = Fi+F,. (26)

The frictional force can be expressed by the equation
of the form [9]:
Fy = Coty Ay, = 5Cput CiA,, @7

where u,, is the mean velocity of the particle in the
heat pipe, which can be expressed as:

Uy, = Birog,.

(28)
Substituting equation (28) into equation (27) yields:

F = %Bl COPICI‘Ap,srzwrznin (29)
where A, is the lateral area of the heat pipe, C;is the
frictional coefficient, C;, and B, are constants, and p,
is the liquid density.

The vapor drag force can be expressed by the fol-
lowing relation [9]:

Fv = %CDpvuwz*,mAp.\ (30)
where A4, is the frontal area of the liquid particle, Cp,
is the drag coefficient, and u, ., is the mean velocity of
the vapor in the heat pipe which can be expressed in
terms of the total heat input in the evaporator section :

G0
vahph

(31

uv.m =
fe

where C, is a proportionality coefficient, A4y, is the
cross-sectional area of heat pipe, p, is the vapor
density, A, is the latent heat of vaporization, and Q is
the total heat input of the heat pipe. Substitution of
equation (31) into equation (30) results in:

1 A 2
F. = cpc, 2o & (32)
2 vahp hfg

Finally, combining equations (29)—(32) with equa-
tion (25), we obtain:

1
= Crrwd, = Cighcos b

2
Ch (1 .,
+ m, EBI COCprAsr Dmin
oo A Q0N gy
2707 o ad, B
where m, = B,m = B,V\p, =(B,n/4)d’L,p,,

Ay = BsAs = ByndL, A,, = B,A,,, m is the total
liquid mass in the heat pipe, A, is the lateral area of
liquid volume in the heat pipe, and L, is the height of
liquid volume in the heat pipe. Equation (33) can be
rearranged into the following form:

1

ECrzwfmn = C,ghcos
2B,B,C,C,Cih ,

+ B, dr Wiin

L BCGG R 11

= _ . (34
2Bz L Vl/ Vhp PPy Aﬁp h?g ( )

Since Wopin = 27f i, €quation (34) can be re-written in
a more explicit equation of the form:
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Fig. 3. Schematic of the heat pipe test apparatus.

[ hVy 1 2
lghcos0+D, ——2 9
: | L Vi pipe A7 b7,
Jonin = A 5 (35)
D, —-D,—
: “d
where
2n2C 8n’B,B;C,C;
D, = D, =——"7-"—"—
1 C| * 2 32 s
B,C,C
and D3 = 42—;22

are constants that should be determined by exper-
imental data.

EXPERIMENTAL APPARATUS AND RESULTS

The test apparatus for reciprocating heat pipes is
shown in Fig. 3, whose structure and working mech-
anism have been presented elsewhere [10]. Four cop-
per—water heat pipes with different diameters, lengths,
and ratios of the charged water volume to the heat
pipe volume were fabricated and tested. The diameters
of the heat pipes varied from 7.75 to 10.92 mm, the
lengths of the heat pipes varied from 100 to 200 mm,
and the ratios of the water charge to the heat pipe
volume varied from 9.54 to 41.6%. The upper halves
of the heat pipes were wrapped with a flexible electric
heater, which worked as evaporators, and were insu-
lated by the insulation material on the outer surface.
The lower halves of the heat pipes, which worked as
condensers, were cooled by air during the reci-
procating motion of the heat pipes. The temperature
distribution along the heat pipe was measured using
four thermocouples. The uncertainty associated with
the measured temperature was estimated to be
+0.5%, and the heat input uncertainty was estimated
to be +3 W. The heat pipes worked initially at higher
working frequency, which was then gradually reduced
through the motor controlling driver. As the reci-
procating motion was decreased, the heat pipe per-
formance continued to deteriorate until the tem-
perature drops of heat pipes rose sharply (more than

-
J
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Fig. 4. Temperature distributions and effective thermal con-
ductances of the heat pipe with L = 100 mm, d = 7.75 mm,
and ratio = 23.74%.

30°C), and the heat pipe could no longer retain a
stable working condition. It was believed that the heat
pipes reached their working limit at this condition,
and the power input to the heat pipes were shut down
immediately in order to avoid burn-out of the heat
pipes. The lowest reciprocating frequency which could
sustain a stable heat pipe operation above this burn-
out point was considered to be the critical working
frequency of the heat pipe.

Figure 3(a—c) presents some representative testing
results in terms of temperature distributions along the
heat pipe length and the effective thermal conduc-
tance. As shown in Fig. 3(a, b), the temperature dis-
tribution was rather uniform when the working fre-
quency is relatively high, indicating that the heat pipe
worked very well. When the working frequency was
gradually decreased, the temperature drop along the
heat pipe increased accordingly. When the working
frequency was reduced to about 5.5 Hz, the tem-
perature drop increased to more than 15°C. Tem-
perature fluctuation also occurred in this condition,
and the working limitation was being reached. Figure
3(c) shows the ratio of the heat-pipe effective thermal
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conductance to the copper thermal conductivity,
taken to be 380 W m~' °C~', at different working
frequencies. As can be seen, the effective thermal con-
ductance reaches more than 300 times that of copper
with a moderate working frequency, indicating that
the heat pipe is a very effective heat-transfer device.

COMPARISON OF ANALYTICAL AND
EXPERIMENTAL RESULTS

In order to establish the applicability of the ana-
lytical solution, the analytical results are compared
with the corresponding experimental data. For the
test apparatus shown in Fig. 3, the offset e is zero, the
crank-radius length 7 is 35 mm, and the connecting
rod length / is 104.8 mm. Substituting these values
into equation (13) results in wz, ~ 287°. If the absolute
displacement & is known, the analytical solution of
the critical working frequency as a function of the
heat pipe length and ratio of the fluid charge can be
determined through equation (12). In practice, heat
pipes could still work to a certain extent if the liquid
particle could return only to some location of evap-
orator section lower than the evaporator end cap, due
to the axial heat conduction in the heat pipe wall.
However, since this axial heat conduction effect is very
difficult to quantify, several typical locations in the
evaporator section were chosen for the evaluation of
the absolute displacement, which is reflected through
the value of location coefficient k. For the same heat
pipe length and ratio of water charge at 8 = 0°, the
analytical and experimental results are presented and
compared in Table 1. From Table 1, it can be seen
that the analytical frequencies are higher than the

experimental results if k = 0 and 0.5 are assumed. If
the liquid particle only reaches the bottom of evap-
orator section (i.e. k = 1), the analytical frequency is
much lower than the experimental result. Therefore,
it is clear that the actual location corresponding to the
heat transfer limit should be in between the middle and
bottom sections of the evaporator (i.e. 0.5 < k < 1). If
k is assumed to be 0.75, the analytical solution is
reasonably smaller than experimental results, and the
maximum error is only about —9.56%. This com-
parison indicates that the critical working frequency
is reached when the liquid particle can only return to
the lower middle section of the evaporator. It should
be pointed out that although k£ = 0.75 gives a more
accurate analytical solution, £ = 0.5 gives a more con-
venient and conservative calculation for the heat pipe
design. The agreement between the analytical and
experimental results are also excellent (Table 1). Even
for k = 1 or 0, the discrepancy between the analytical
solutions and experimental data are still relatively
small. Considering the extremely complicated prob-
lem in this study, the analytical solutions predict the
critical working frequency accurately for any values
of k between 0 and 1.

The experimental data were also used to determine
the constants in the semi-empirical correlation for the
critical working frequency with the assistance of a
linear regression analyses. The ranges of data are as
follows:

100mm < L €£200mm, 7.75mm <d<10.9mm,

14
23.7% < V-‘ < 40%,

hp

Table 1. Comparison of analytical results and experimental data, = 0°

Analytical  Analytical  Analytical  Analytical Errors
L L, d Ratio Q k=0 k=0.5 k=0.75 k=10 Expdata k=05
[mm]  [mm] [mm]  {%] [W] [Hz] [Hz] [Hz] [Hz] [Hz| [%]
100 50 7.75 23.7 20.1 6.23 5.54 5.02 4.54 5.6 —1.1
100 S0 7.75 23.7 27.1 6.23 5.54 5.02 4.54 5.6 —1.1
100 50 7.75 237 353 6.23 5.54 5.02 4.54 5.5 0.7
100 50 7.75 23.7 39.8 6.23 5.54 5.02 4.54 5.5 0.7
100 50 7.75 23.7 439 6.23 5.54 5.02 4.54 5.5 0.7
100 50 7.75 23.7 47.0 6.23 5.54 5.02 4.54 5.5 0.7
100 50 7.75 23.7 53.8 6.23 5.54 5.02 4.54 5.5 0.7
100 50 10.92 40.0 21.1 5.74 4.88 4.39 3.83 4.6 5.7
100 50 10.92 40.0 30.8 5.74 4.88 4.39 3.83 4.6 5.7
100 50 10.92 40.0 39.1 5.74 4.88 439 3.83 4.6 5.7
100 50 10.92 40.0 42.0 5.74 4.88 4.39 3.83 4.6 5.7
100 50 10.92 40.0 47.5 S.74 4.88 4.39 3.83 4.5 7.8
150 75 7.75 30.0 18.5 7.04 6.06 5.49 49 6.1 —-0.7
150 75 7.75 30.0 24.8 7.04 6.06 5.49 49 6.1 -0.7
150 75 7.75 30.0 30.7 7.04 6.06 5.49 49 6.0 1.0
150 75 7.75 30.0 38.7 7.04 6.06 5.49 49 6.0 1.0
150 75 7.75 30.0 477 7.04 6.06 5.49 49 6.0 1.0
200 100 7.75 30.0 23.0 7.9 6.8 6.12 5.53 6.4 5.9
200 100 7.75 30.0 325 7.9 6.8 6.12 5.53 6.4 5.9
200 100 7.75 30.0 40.1 7.9 6.8 6.12 5.53 6.3 7.4
200 100 7.75 30.0 50.5 7.9 6.8 6.12 5.53 6.3 7.4
200 100 7.75 30.0 61.3 7.9 6.8 6.12 5.53 6.3 7.4
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Fig. 5. Comparison between the correlation and exper-
imental data for the critical working frequency (k = 0.5,
0 =20.1-61.3 W).

187TW<LQ<613W, k=075 and 6=0"
The empirical constants thus determined in equation
(35) are: D, = 19.9, D, = 0.086, and D; = 96.1. Sub-
stituting them into equation (35), the final form of the
critical working frequency is obtained :

/ h+961h ! 1o
gh+96.1— —
LV\/v v AE B3
Join =~ L A a6)
]9.9—0,08621
where

(1 V‘)L-{— [1 (cos t
={1—+— r|1— o)
Vhp 0
1 - 1
+~\/lz~—rzsm2wto—;>:|~kLe, =0
r

and 0<<k<l.

The semi-empirical correlation are compared with the
corresponding experimental data in Fig. 5 with a
maximum error of only about 7.8%.

CONCLUSIONS

An analytical and experimental investigation on the
critical working frequency of reciprocating heat pipes
has been conducted. Analytical solutions for various
reciprocating mechanisms and a semi-empirical cor-
relation at offset ¢ = 0 have been obtained through
mathematical modeling and experimental measure-
ment. The theoretical solution and experimental
results show that the critical working frequencies for
various heat pipes (L = 100-200 mm) are very low.
Even for an engine—crank radius of r = 35 mm, the
critical working frequencies are only on the order of
5-7 Hz. Therefore, the reciprocating heat pipe is well
suited for the engine piston application. The analytical
solutions and semi-empirical correlation predict the
critical working frequency remarkably well and pro-
vide useful tools for the design of reciprocating heat
pipes in various axially reciprocating mechanisms.
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