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Introduction

Revolving heat pipes have been proposed to be used for electric motor cooling and rotating
heat exchangers (Thoren, 1984; Gi and Maezawa, 1990). Revolving heat pipes are defined
herein as the case in which the axis of rotation is parallel to (but offset from) the central axis
of the heat pipe. A literature survey has shown that most researchers utilized smooth—walled
non—tapered revolving heat pipes because of their simplicity of manufacture (Thoren, 1984;
Gi and Maezawa, 1990; Niekawa et al., 1981; Pokorny et al., 1984; Curtila and Chataing,
1984). However, smooth-walled heat pipes have not proven to be greatly effective because
the working fluid is held against the outboard wall of the pipe, leaving a significant portion of
the pipe wall dry. A remedy is to have large volumes of working fluid in the heat pipe, which
increases the weight of the heat pipe and the potential for imbalance of the rotating system.
In addition, it has been found that slight adverse tilt angles between the axis of rotation
and horizontal, where the evaporator section is above the condenser section, can severely
affect the performance of revolving non—tapered heat pipes. Another possibility is to install
the heat pipe with a slight tilt (offset of the evaporator section from the axis of rotation is
greater than that of the condenser section), such that the working fluid is forced back to the
evaporator section due to the favorable body forces. However, this is not always possible
due to the design of the machine to be cooled. Yet another alternative is to machine a slight
taper on the interior of the pipe wall, but this severely limits the overall heat pipe length
due to difficulties encountered in such a machining process. Therefore, a simple mechanism
to reliably return the working fluid back to the evaporator section is needed. Recently, an

experimental and analytical study was performed in which the capillary limit of a curved
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helically—grooved revolving heat pipe was found to increase with rotational speed (Thomas
et al., 1998). This was due to the geometric nature of the helically-grooved wick structure.
The helically—grooved copper tubing was found to be commercially available at a relatively
low cost. The results of the aforementioned study (Thomas et al., 1998) has prompted the
present analysis to determine the possibility of using helically—grooved straight heat pipes
for the thermal management of rotating equipment.

Mathematical Model

A mathematical model was formulated to determine the operating limits of revolving
helically—grooved heat pipes. The capillary limit calculation was complicated by the variation
of the body force field along the length of the groove and around the circumference of the
heat pipe. This required an analysis of the total body force imposed on the liquid along
the length of the helical grooves. The boiling and entrainment limits were calculated using
methods described by Faghri (1995).

Capillary Limitation. As shown in Figs. 1 and 2, the centerline of the heat pipe is
parallel to and revolving about the z; axis at a radius R,. The axis of rotation is tilted with
respect to horizontal at an angle A\, where the evaporator is above the condenser. To find
the total body force on the liquid, an inertial reference frame (z1,y;,21) is placed on the
axis of rotation (Fig. 2). A non—inertial reference (s, y9, 22) is located at any point on the
centerline of the helix. The (23, y3, 23) coordinate system is in the center of the helical groove
at the same s location as the (3, 9, 22) system (Fig. 3). The x3 unit vector is directed along
the tangent to the helix, z3 is directed toward the centerline, and ys3 is orthogonal to x3 and
23.

With respect to the liquid flow within the helical grooves, the following assumptions are

made:

1. The grooves are completely filled along the length of the heat pipe with no puddling

or depletion.
2. There is no communication of liquid between the grooves.

3. The liquid velocity vector is directed along the unit vector €,, (tangent to the helical

groove).



4. Condensation and evaporation are uniform along the lengths of the condenser and

evaporator sections, respectively.

These assumptions result in the following liquid velocity profile along the length of a groove

(Silverstein, 1992)
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Note that V7 max is allowed to vary from one groove to another due to differences in the body
forces between grooves. The velocity of the liquid V, results in an angular velocity J, of

the (wq,ys, 22) reference about the z; axis (Fig. 2). Since the helix angle « is constant, the
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angular velocity is

The liquid motion also results in an angular velocity @3 around the centerline of the helix,

as shown in Fig. 3(b), due to the fluid path around the circumference of the heat pipe.

&g = {M}@Q (3)
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The acceleration vector at point P on the helix (Fig. 2) with respect to the inertial

reference (x1, ¥, 21) is given by (Shames, 1980; Klasing et al., 1998)
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The position vectors R and p for a helical curve rotating about an offset vertical axis are

RE= {Rp}éyl + {s}e., (5)
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p = {rncos¢}e,, + {rysinp}é,, (6)

A pressure balance within the heat pipe results in the following expression for the capillary

limit (Faghri, 1995; Chi, 1976).
APcap,max Z AP’U + APE + Abe (7)

The maximum capillary pressure is

2
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where the capillary radius is equal to the helical groove width r. = w. For a circular cross
section of a heat pipe with uniform heat input and output along the lengths of the evaporator

and condenser, respectively, the pressure drop in the vapor is
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The liquid pressure drop within a particular groove is (Klasing, 1998)
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The coefficient of drag within a rectangular groove is given by (Shah and Bhatti, 1987)
(fRe), = 24(1 — 1.35533 + 1.94673% — 1.70128* + 0.95643" — 0.25373°) (11)

where the range of the aspect ratiois 0 < 5 < 1.

The total body force imposed on the fluid within a particular groove may either aid or
hinder the return of the fluid to the evaporator, depending on the groove pitch p, the angle of
the starting point of the helix ¢y, the rotational speed, and the inclination angle. However,
even if the body force hinders the return of the fluid, each groove contributes to the total

heat transported. Therefore, the capillary limit equation [eqn. (7)] was first solved for the



heat transported by each individual groove (),, and the results were summed to determine
the total heat transport ();. Since the pressure drop in the vapor space was a function of
the total heat transported, eqn. (7) was solved iteratively.

For a given tilt angle A (see Fig. 1), the body force due to gravity in the tangent direction
has a changing magnitude as the pipe revolves with constant angular velocity ;. Since the
objective of this analysis was to find the steady—state capillary limit, it was necessary to
find the average value of the body force due to gravity in the tangent direction (€,,) for a
single revolution. The body forces in the tangent direction due to acceleration [eqn. (4)] and
gravity were integrated over the length of the groove to find the average pressure drop due

to body forces
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where the body force per unit volume due to gravity is
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The general expression for the maximum capillary limit for a single groove is

20 _ (Le+2Lo+Lo) | 40Qr | 1@y (fRe), | (27’
— 2> T+ 5 +1
w Dig TPy dprywh P

27y, 2 Ly 4 1 Li 2w .
—pe (p ) +1V0 &, - (—4) ds+m/0 i ewS-ngHds]

This equation was solved for each individual groove. However, the total heat transported @

was not known a priori, so an iterative solution procedure was necessary.
To quantify the assumption of no communication of liquid between the grooves, the Bond

number was used, which was defined as

Bo  PLre |Ares| Body Force

20/w  Surface Tension Force



where ffres is the resultant acceleration vector between the y3 and z3 directions.

Boiling Limitation. The formation of bubbles (nucleation) within the wick structure
of a heat pipe can adversely affect its performance. The growth and motion of bubbles
within the wick structure can effectively shut off the liquid return path, causing dryout of
the evaporator. The boiling limitation corresponding to a cylindrical heat pipe is (Faghri,

1995)
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The effective thermal conductivity in the evaporator section for grooved heat pipe wick

structures is (Chi, 1976)
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The critical temperature difference between the heat pipe wall and the vapor is given by
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Since experimental data is not available for axially—grooved heat pipes, the value suggested
by Faghri (1995) for the nucleation bubble radius was used (R, = 107" m).

Entrainment Limitation. The entrainment limit is caused by the viscous interaction of
the vapor and liquid flows in the wick structure. Droplets of liquid within the wick structure
may be entrained into the counterflowing vapor and carried back to the condenser end cap
before reaching the evaporator section, effectively shutting off the liquid flow and drying out
the evaporator section. For an axially—grooved heat pipe, the entrainment limitation is given

by (Faghri, 1995)

(19)

The temperature dependence of the thermophysical properties was accounted for using
the polynomial curve fits (evaluated at the adiabatic temperature) given by Faghri (1995).
The heat transfer in the circumferential and axial directions through the pipe wall was

neglected in the present model.



Table 1: Heat pipe specifications.

Wick structure Helical grooves
Working fluid Water

Heat pipe length, L, 457.2 mm
Evaporator length, L, 152.4 mm
Adiabatic length, L, 101.6 mm

Condenser length, L. 152.4 mm
Vapor core diameter, D,, | 13.46 mm

Wall/wick materials Copper

Helix pitch, p 914.4 mm CW
Groove height, h 0.44 mm
Groove width, w 0.47 mm

Number of grooves, N, | 50

Results and Discussion

The specifications of the heat pipe studied in this analysis is given in Table 1. The heat
pipe analyzed was similar to that presented by Thomas et al. (1998), who found that the
capillary limit was maximized when p/L; = 2. In the present study, this optimized pitch
specification was assumed in the analysis to examine the operating characteristics of straight
helically—grooved heat pipes. It should be noted that the Bond number was less than unity
for all results reported. Water was chosen as the working fluid to accomodate a wide range
of temperatures above ambient.

The maximum heat transport versus working (adiabatic) temperature for rotational
speeds of 0, 250 and 500 RPM is shown in Fig. 4(a). The boiling limit decreased with
temperature, while the entrainment limit increased with temperature. In the present anal-
ysis, the boiling and entrainment limits are independent of the rotational speed. As can
be seen, the capillary limit increased significantly with rotational speed due to the helical
geometry of the heat pipe wick structure. It should be noted that the maximum heat trans-
port is defined as the lowest limit value for a given temperature. For instance, for J; =
0, the capillary limit determined the heat pipe performance between T, = 100°C and ap-
proximately T, = 133°C, and the boiling limit was in effect for T, > 133°C. Over the range

of temperature examined, the heat pipe was not limited by capillary effects for rotational



speeds of & = 500 RPM for the case shown in Fig. 4(a).

The variation of the maximum heat transport versus tilt angle is shown in Fig. 4(b). For
a stationary heat pipe (J; = 0 RPM), the capillary limit decreased from over Qc,p, = 1000
W to zero as the tilt angle ranged from A = 0° to 4°. This type of behavior was observed
experimentally by Faghri and Thomas (1989), who studied a stationary axially—grooved
copper—water heat pipe. In general, the maximum heat transport increased with rotational
speed. For &; = 500 and 750 RPM, the heat pipe was restricted by the entrainment limit or
capillary limit, depending on the tilt angle.

The variation of the maximum heat transport versus rotational speed is shown in Fig.
4(c). For the horizontal case (A = 0°), the capillary limit was constant for J; < 200 RPM. For
rotational speeds above &; = 200 RPM, the capillary limit increased until the entrainment
limit was reached. For A = 90°, the heat pipe did not operate at all until a rotational
speed above approximately &; = 700 RPM was reached. This shows that a minimum value
of rotational speed was needed to obtain the benefits of the helical groove geometry. For
rotational speeds greater than &J; ~ 900 RPM, the heat pipe was not limited by capillary
effects.

Conclusions

The performance of a helically—grooved revolving heat pipe has been examined for various
working temperatures, adverse tilt angles, and rotational speeds. It was determined that the
capillary limit increased significantly with rotational speed due to the helical geometry of
the heat pipe wick structure. A minimum value of rotational speed was required to obtain
the benefits of the helical groove geometry when an adverse tilt angle was imposed on the
heat pipe. Unlike smooth—walled non—tapered revolving heat pipes, the helical groove wick
structure allows the present heat pipe to operate when the adverse tilt angle is A = 90° under
certain conditions. While these results are promising in regard to applying helically—grooved
heat pipes to the thermal management of rotating equipment, experimental data is needed
to verify the findings of the model described herein.

Nomenclature

A, cross—sectional area of the vapor space, m



A, cross—sectional area of the wick, h (2r, + h), m?
hig heat of vaporization, J/kg

ko liquid thermal conductivity, W/(m-K)

ks solid wick material thermal conductivity, W/(m-K)
K permeability, 2er? /( feRe,), m?

L distance between grooves, m

L, groove length, m

m mass flow rate, kg/s

Th radius of the helix, r, + h/2, m

r; inner wall radius of the heat pipe, m

e liquid hydraulic radius, 2wh/(2h + w), m

Ty radius of the heat pipe vapor space, m

S coordinate along the centerline of the helix, m
Vi max liquid velocity in the adiabatic section, Q,/piwhhg, m/s
3 aspect ratio, w/h

€ porosity, whNy /A,

o absolute viscosity, kg/(m-s)

p density, kg/m3

o surface tension, N/m

o angular parameter, ¢g + 27s/p, rad
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Figure 1: Schematic of the revolving helically—grooved heat pipe.
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Figure 2: Relationships between vectors and reference frames.
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Figure 3: Geometric considerations: (a) Relationship between (x9,ys, 22) and (z3,ys, 23);
(b) Cross—sectional view of the heat pipe at a particular s location; (¢) Coordinate system
situated in the helical groove.

13



| | |
Qcap, ¥1 =0 RPM ——

10000 = Qeap, @1 = 250 RPM ——- -
Qeap, @1 =500 RPM ---- .
8000 Qi -
£ 6000 - T -
Qo R
4000 - R _
2000 p—===Es oo T T -
0 | L — o
100 120 140 160 180 200
T (°C)
2000 = ,
: \ &1 =0RPM ---
B @)= 250 RPM ---- _|
1500 @1 500 RPM -
— &y =750 RPM —-—
Z 1000 - Qe :‘v\1956w _
. ! N
K N
500 [+ N -
\ \ S ]
\
o L I |
0° 30° 60° 90°
A
2000 I — ; —
/ / /
/ :’ : /
1500 |~ / ; -
/ Pl
— /// N 'l
E 1000 . S
@ A = 0 -~ Il .
A=300 - i
[ A=60° ' N
500 A= 00° o Iy
Q.=1956 W —— //
0 | | | 1

0 200 400 600 800 1000
51 (RPM)

Figure 4: Heat transport limitation versus: (a) Working temperature (A = 0°, R, = 0.1 m);
(b) Tilt angle (T, = 100°C, R, = 0.05 m); (c) Rotational speed (7, = 100°C, R, = 0.05 m).
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