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SUMMARY

A preliminary investigation of gas turbine regenerators employing heat pipes as
the active heat transport elements has been carried out. The study was performed
in order to evaluate heat pipe regenerators with respect to other regenerator types
and to the requirements of U.S. Army advanced gas turbine powerplants for air-
craft application.

Included in the study were: a review of current heat pipe technology, a design
study of heat pipe regenerator characteristics, and an evaluation of heat pipe
regenerator feasibility.

The regenerator core best suited for Army requirements appears to be a radial-
heat-pipe, two-zone core operating at 60 percent effectiveness. A core with a
mass flow rate of 5 lb/sec would utilize 1/4-inch-diameter cesium-titanium heat
pipes in regions of the core below 1000°F and 1/8-inch-diameter cesium-Hastelloy
X heat pipes in the core zone with temperatures greater than 1000°F. The core
would have an overall diameter of 27 to 31.4 inches, a length (in the flow direction)
of 5.6 to 7.0 inches, and a total heat pipe weight of 65 pounds.

Primary advantages of the radial heat pipe regenerator are ready integrability with
the gas turbine and reduced exhaust gas duct losses. Weight is comparable to or
in excess of that for other core types. Development and fabrication costs are likely

to be high.
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INTRODUCTION

The heat pipe is a hollow closed tube which, by virtue of its internal construction,
has the capability of transferring heat isothermally at significant rates over a sig-
nificant distance. Since development of the heat pipe concept at Los Alamos
Scientific Laboratory in 1964, industrial and government organizations have been
exploring applications for this unique device.1-12

The gas turbine regenerator appears to be one application where the isothermal
property of heat pipes may play a useful role. In the usual primary surface or
extended surface regenerator, the comp.essed air and exhaust gas streams flow
through a large number of very small flow passages in intimate proximity to each
other. Since the air and gas streams are completely separated before entering and
after lcaving the regenerator, the necessity to bring them into close proximity in
the regenerator introduces relatively complex header and ducting problems and/or
may prevent use of the optimum counterflow arrangement.

With the advent of heat pipes, the need for large numbers of small air and gas flow
passages is eliminated. Only a few relatively large flow ducts may be needed (in
some instances a single duct may be sufficient for each flow stream). The small
flow passages necessary for compactness and low weight are provided by adding
large numbers of closely spaced, small-diameter heat pipes to the flow ducts.
These heat pipes are oriented normal to the air and gas flow directions and com-
pletely span the width of the ducts. Heat then flows from the hot gas to the heat
pipes, axially along the heat pipes which penetrate the wall separating the gas and
air flow ducts, and finally from the heat pipes into the cooler, compressed air.

A preliminary investigation of gas turbine heat pipe regenerators hzs been carried
out for operating conditions characteristic of U.S. Army advanced gas turbine
powerplants for aircraft application. The study consisted of three phases:

1. Review of Heat Pipe Technology

2. Regenerator Design Study

3. Feasibility Evaluation

Results of the investigation follow. Calculational methods used are presented in
detail in the appendixes.




REVIEW OF HEAT PIPE TECHNOLOGY

The relatively new technology of heat pipes has been reviewed in order to obtain a
current picture of those aspects which are relevant to the use of heat pipee in gas
turbine regenerators. The review was accomplished through examination of exist-
ing literature on the subject and contact with organizations known to have active
heat pine development programs.

PRINCIPLE OF OPERATION

A typical heat pipe cross section is shown in Figure 1. The inner surface of the
heat pipe wall is lined with an annular layer of a porous material, which will be
referred to as a capillary wick. The capillary wick is saturated with an appropri-
ate heat transport liquid, whose vapor completely fills the remaining internal

volume.
HEAT PIPE WALL
CAPILLARY WICK
/LIQUID FLOW

ROT0I010106 970100 50T :';mlvl“'F‘MA‘ OO

VAPOR FLOW ~

XX XX X X X X X S e e se s SN XXX

e

& J |\ J
e, Y
HEAT IN HEAT OUT
(EVAPORATOR SECTION) (CONDENSER SECTION)

Figure 1. Heat Pipe Cross Section.
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During operation, heat added through the outer surface of one section of the heat
pipe evaporates liquid in the adjacent capillary wick. The vapor produced then
flows down the pipe to the section whers heat is being removed from the outer sur-
face, and condenses on the capillary wick. The condensate f:ows through the cap-
illary wick to the evaporator section, where the liquid once aguin evaporates.

Thus, heat is transported from one section of the heat pipe to another via a self-
actuated process of internal convection. The convective cycle is maintained by
liquid and vapor pressure heads which arise in a manner to be explained shortly.
If the vapor pressure drop is small compared to the vapor pressure, then the tem-
perature difference between the evaporator and condenser sections wili be very
small and for practical purposes the heat pipe may be considered isothermal.

HEAT TRANSPORT CAPACITY

The major question of interest cuncerning heat pipes is the heat transport capacity
for isothermal operation. A theory has been developed from which the heat trans--
port capacity may be predicted.2 The physical basis for this theory is presented
below.

In Figure 2, one-half of a horizontal heat pipe cross section is shown, along with
the vapor and liquid pressure distribution along the pipe. The inner surface of the
capillary wick is shown schematically as a perforated sheet with holes of radius
rpn. Initially, the heat pipe is assumed to be at its intended operating temperature
and perfectly insulated. In this condition the contained liquid is assumed to fill the
capillary wick completely, its inner surface parallel to and coinciding with the
inner surface of the wick. The pressure of the liquid is then equal to the pressure
Py of its vapor, which fills the remainder of the heat pipe interior.

Now the insulation around the lateral surface is removed, and heat is added uni-
formly over the evaporator section and is removed uniformly at the same rate over
the condenser section, the nominal temperature remaining unchanged. The addi-
tion of heat produces evaporation of some liquid into the vapor space, raising the
pressure of the vapor in the evaporator section and causing the unevaporated liquid
to withdraw into the pores of the capillary wick. The removal of heat produces
condensation of some vapor, lowering the pressure of the vapor in the condenser
section and causing an accumulation of liquid in the capillary pores.

A pressure difference now exists in the vapor, tending to drive it from the evapora-
tor to the condenser section. At the same time, the curvature introduced to the
liquid vapor interface at the pore openings, as the result of liquid loss in the evap-
orator and accumulation in the condenser, produces a pressure difference in the
liquid, tending to drive it from the condenser section to the evaporator section.

The pressure difference arises because the pressure on the convex side of a curved
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liquid-vapor interface with radius of curvature r and surface tension o must exceed
the pressure on the concave side by 20/r (Reference 2).

VAPOR FLOW
—

CONDENSER L

Figure 2. Vapor and Liquid Pressure Distribution in Heat Pipe.

Thus, in the evaporator section the pressure Py of the liquid (concave side) is less
than the vapor pressure Py by 2¢/r. Similarly, in the condenser section the pres-
sure Py of the liquid (now the convex side of the liquid-vapor interface) exceeds the
vapor pressure Py by 20/r. (In most heat pipe analyses, the radius of curvature
in the condenser section is always agsumed to be infinite.)

i



The pressure distribution in the heat pipe is then as shown in Figure 2. The arrows
on the curves denote the pressure changes seen by an observer traveling down the
heat pipe with the vapor and then in the opposite direction with the liquid. From
Figure 2 it can be seen that

20
T APve + APje

and 20
E A pvc + A Pl C

where the subscripts e¢ and c denote conditions at the evaporator and condenser

ends. The above pressure drops can be expressed in terms of the heat transport

rate. The heat transport rate is a maximum when either rg or ri takes on its
minimum possible value. For a liquid which fully wets the wick material, the

minimum value of the radius of curvature is just the radius rpp of the wick pores
at the liquid-vapor interface. Explicit equations for the heat transport capacity are
presented in Appendix I.

In the above treatment there is no indication whether the heat pipe will be isother-
mal when the heat transport capacity is reached. Since the vapor inside the heat
pipe is a saturated vapor, its temperature is determined by the vapor pressure.
The drop in vapcr pressure must then be restricted to a value which will insure a
negligible temperature variation along the heat pipe length. If the vapor pressure
drop when heat is being transported at the capacity rate is too large for isothermal
operation, the heat transport rate will have to be reduced.

Other possible limitations on the heat transfer rate may arise from sonic velocity
and boiling considerations. The maximum vapor velocity should always be less
than sonic velocity in the vapor to avoid flow choking. The temperature of the
liquid at the outer wick surface should not exceed the temperature at the inner wick
surface by more than the minimum superheat needed to initiate boiling, in order to
avoid possible buildup of vapor within the wick to the point where the flow of heat
and liquid across the wick to the liquid-vapor interface would be inhibited.

The heat transport capacity is affected by orientation of the heat pipe and external
acceleration. The capacity will increase over that for the horizontal position if
the evaporator section is lower than the condenser section, or if external acceler-
ation is applied opposite to the direction of liquid flow. A decrease in capacity will
occur if the condenser section is lower than the evaporator section, or if external
acceleration is applied in the direction of liquid flow. The influence of orientation
and external acceleration can be minimized by the use of very small pores at the
inner wick surface.
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In the event that the heat transport capacity is exceeded, the heat pipe will undergo
burnout, floodout, or both. Burnout occurs at the beginning of the evaporator
section, when the heat input is such that liquid leaves the wick pores faster than it
can be replenished. The result is complete loss of fluid from a portion of the wick,
effectively shortening the heat pipe length. Very little heat will then be removed
from the dried-out section, and its temperature will tend to approach that of the
heat source.

Floodout occurs at the end of the condenser section, when the heat input is such
that condensed liquid accumulates in the wick pores faster than it can flow away.
The result is flooding at the condenser end of the heat pipe, effectively shortening
its length. The temperature of the flooded section will drop, tending to approach
that of the heat sink.

Neither burnout nor floodout is necessarily catastrophic, as the heat pipe may con-
tinue to function with its shorter effective length, although it would probably func-
tion at a higher temperature. However, failure of the heat pipe could result if the
temperature of the burned-out section becomes excessive.

MATERIALS

Heat pipes have been fabricated with a wide variety of heat transport fluids and
wick and container materials. The prime determining factor in the selection of the
heat pipe fluid is the desired operating temperature. Selection of the wick and con-
tainer material follows from considerations of compatibility with the heat pipe fluid
and the external heat pipe environment.

In thg temperature range of interest for the gas turbine regenerator (650° to

1350 F), the liquid metals sodium, potassium, cesium, and mercury appear to be
the most appropriate heat pipe fluids. Sodium, potassium, and cesium are known
to be compatible with stainless steel, Hastelloy X, and other nickel alloys, and
they are also believed to be compatible with titanium. Mercury appears to be most
compatible with ferritic-type stainless steels. The alloy CROLOY 9M may possibly
be suitable at temperatures of 1000°F or less. *

Wettability of the heat pipe fluid is also an important consideration, since adequate
functioning of heat pipes is dependent on the ability of the fluid to wet the wick.
Wettability does not appear to be a problem with the alkali metals, but it can be a
problem with mercury. It appears that almost all metals are partially wetted by

* Personal communication with J. DeVan, Oak Ridge National Laboratory, Oak
Ridge, Tennessee.




mercury in the 750° to 1000°F range, extreme cleanliness being a requirement.
Wetting is premoted by the use of small quantities of materials such as sodium,

potassium, rubidium, manganese, and titanium hydride. *

] The demonstrated life of a number of heat pipe fluid-container combinations is
shown in Table I. (These heat pipes were presumably tested in air.)

A PP T A B A Y

! ' TABLE I, DEMONSTRATED LIFE OF HEAT PIPES

, c Container )

Fluid and Wick Demonstrated Life
|
' Cesium Titanium 2000 hr @ 750°F*
: Potassium Stainless 6500 hr @ 930°F*
Potassium Nickel 8000 hr**
! Sodium Stainless 1500 hr @ 1380°F*
i Sodium Stainless 6600 hr**
Mercury Stainless 2000 hr**
(container)

* Personal communication with Dr. J.E. Deverall, Los Alamos Scientific
Laboratory, Los Alamos, New Mexico.
** Personal communication with G. Y. Eastman, Radio Corporation of America,
Lancaster, Pennsylvania.

Table I suggests that, from the standpoint of internal corrosion, liquid-metal heat

pipes can readily meet the regenerator design goal of 1000 hours between overhaul,

and most probably can meet the design goal of 5000 hours total life (see Table II). ‘
The container materials would, of course, have to withstand the exhaust gas envi- i
ronment in a regenerator.

CAPILLARY WICKS

The capillary wick has a strong influence on heat transport capacity. Pores should
be large in the direction parallel to the heat pipe axis to reduce the pressure drop i

* Personal communication with A.E. Miller, Liquid Metal Engineering Center, ‘
Canoga Park, California.
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in the returning liquid condensate. At the same time, the pores in the radial direc-
tion should be small in order to produce a large pressure difference across the
liquid-vapor interface at the inner wick surface. Such a nonisotropic pore distribu-
tion can result in increased heat transport capacity compared to that obtainable with
a wick whose pore size is independent of direction. Small pore size in the radial
direction also reduces the sensitivity of heat transport capacity to changes in heat
pipe orientation and acceleration.

For maximum heat transport capacity in a horizontal heat pipe with a uniform wick
(pore size independent of direction), the wick should occupy c.ae-third of the internal
cross-sectional area.2 Appreciable weight savings can be realized, at the expense
of heat transport capacity, by the use of thinner wicks.

Wicks have been fabricated from woven-mesh screen, sintered metal powder, and
sintered r.etal fibers, and from slotted grooves cut into the inner heat pipe surface.
Slotted rietal sheet wicks have also been considered. These wick types are illus-
trated in Figure 5. The slotted metal sheet wick readily provides the desired non-
isotror ic pore distribution. For the other wick types, the nonisotropic pore dis-
tribution can be approximated by the use of two wick layers, one of which has
relatively fine pores while the other has relatively coarse pores.

An extensive investigation of woven-mesh, sintered powder, and sintered fiber
wicks has been carried out.8-10 The wicks were fabricated of nickel and stainless
steel. It was concluded that the sintered fiber wicks were preferable because of
low resistance to flow, high porosity, and easy fabricability. The mean pore radius
in the sintered fiber wicks lay in the 13- to 22-micron range.

A porous stainless filter material with pore radii in the 0.25- to 2. 5-micron range
is expected to be available in early 1968.* This material, which should be avail-
able in thicknesses of 15 mils or less, may prove to be useful for the slotted sheet
configuration of Figure 3 or as a thin layer over the inner surface of a thicker wick
with coarser pores.

FABRICATION

Fabrication of a heat pipe involves insertion of an annular wick into a tube, bonding
or mechanically securing the wick to the inner tube surface, evacuation and heating
of the tube and wick, introduction of the heat pipe fluid, and sealing of the tube ends.
This process, as currently practiced in developmental laboratories, is

* Personal communication with W. A. Preston, Advanced Structures Division,
Fansteel Metallurgical Corporation, Harbor City, California.
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time-consuming and costly. © However, the fabrication process bears many simi-
larities to that utilized in the manufacture of electron tubes, in which a tube is
evacuated and heated, the internal structure is inserted, an inert gas is added, and
the tube is sealed. Should the need arise, mass production of heat pipes can
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probably be accomplished with the aid of manufacturing techniques employed by the
electron tube industry. *

Heat pipes have been fabricated with diameters in the range of 0.25 to 1 inch and
with lengths ranging from 3-1/2 inches to 10 feet.

TRANSIENT RESPONSE

Transient response of heat pipes has apparently not been studied either analytically
or experimentally as yet. Response is expected to be largely a function of thermal
capacity (weight times specific heat). Semiquantitative observations suggest fairly
rapid response to thermal transients. For example, a tantalum heat pipe (with lead
as the heat transport fluid) about 3/4 inch in d%ameter and 2 feet long can be induc-
tively heated to a uniform temperature of 2370 F from room temperature in less
than a minute. **

OPERATIONAL PROBLEMS

A number of operational problems have occurred or may be anticipated during heat
pipe operation,

Startup

Occasionally, isothermal operation of a heat pipe at its design temperature has been
difficult or impossible to achieve following startup from room temperature at high
heat input rates.® The problem has been attributed to interference with the return
flow of liquid from the condenser section by high-velocity vapor traveling to the
condenser section. The liquid cannot then return to the evaporator section at the
rate at which liquid is being evaporated, and burnout occurs. The vapor velocity

is very high during a startup for which the heat input rate is comparable to that of
steady-state operation. This occurs because the vapor density is quite small at
startup temperatures, while the mass flow rate is comparable to ihe steady-state
value.

Two techniques for overcoming this problem have been suggested. *** One involves
the use of fine screening at the inner surface of the wick to minimize the drag of

* Personal communication with G.Y. Eastman, Radio Corporation of America,
Lancaster, Pennsylvania.
** Personal observation at Los Alamos Scientific Laboratory, Los Alamos, New
Mexico.
**x Personal communication with J.E. Kemme, Los Alamos Scientific Laboratory,
Los Alamos, New Mexico.
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high-velocity vapor on the exposed surface of the returning liquid. (The startup
problem has been particularly noticeable for the grooved wick of Figure 3.) The
other introduces a noncondensible gas such as helium to the heat pipe vapor space.
The gas density is high enough at startup temperatures to inhibit excessive flow
velocity in the vapor space, but low enough that at the design temperature the gas
will occupy a very small fraction of the vapor space.

Noncondensibles

The presence of noncondensible vapors or gases in a heat pipe has a deleterious
effect on performance. The gases are swept to the condenser section, where they
form a separate zone which the vapor of the heat pipe fluid does not penetrate. The
heat pipe length is then effectively reduced by the length of the noncondensible zone.2

The presence of noncondensibles can be minimized by effective outgassing of the
heat pipe interior during fabrication. However, noncondensibles can be produced
by chemical reaction of the heat pipe fluid with the heat pipe material. For example,
it has been found that hydrogen accumulates in the condensing end of water-
aluminum heat pipes. *

A possible problem with stainless steel heat pipes operating in a combustion gas
environment, as would be the case in a regenerator, could be the permeation of
hydrogen into the heat pipes and subsequent formation of a noncondensible zone.
Hydrogen readily penetrates metals such as stainless steel. If the length of the
noncondensible zone were to become appreciable during the regenerator lifetime,
regenerator performance would be degraded. Heat pipes have been successfully
operated in natural gas and propane flames at a flame temperature of 2000° F, but
in these instances the heat pipe outer surface was protected with a coating of alu-
minum oxide to prevent corrosion and possible diffusion of free hydrogen into the
heat pipe interior.

Vibration and Acceleration

A heat pipe has been operated under vibration and acceleration conditions charac-
teristic of a missile launch. Operation was unaffected by vibration, but it was
limited by acceleration in a direction which opposed the return flow of condensate
to the evaporator section of the heat pipe.** While the vibration and acceleration
environment during the launching of a missile differs from that of an operating air-
craft gas turbine, these results provide some indication of heat pipe response to
vibration and acceleration. Since sensitivity to acceleration is a function of heat
pipe length and wick pore radius at the liquid-vapor interface, it is controllable
through design.

* Personal communication with G.Y. Eastman, Radio Corporation of America,
Lancaster, Pennsylvania.
x** Personal communication with G. Whiting, Sandia Corporation, Albuquerque,
New Mexico.
11




DESIGN STUDY

A design study of gas turbine regenerator cores using heat pipes as the active heat
transfer elements has been carried out. The design criteria are listed in Table II.

TABLE II. DESIGN CRITERIA FOR HEAT PIPE REGENERATOR STUDY
Regenerator effectiveness 50-70%
Air-plus-gas side core pressure drop 6%

Flow rate 5-15 lb/sec
Turbine exhaust gas temperature 1350 °F
Turbine exhaust gas pressure 15,5 psia
Compressor discharge air temperature 650 °F
Compressor discharge air pressure 147 psia
Gar temperature transients to 1800 °F
Regenerator life 5000 hr
Time before overhaul 1000 hr

Results of the study are presented below. The basic heat pipe regenerator concept
is described first. Then considerations involved in the design of heat pipes for re-
generator cores are discussed. Finally, the characteristics of heat pipe regenerator
cores are presented.

HEAT PIPE REGENERATOR CONCEPT

The basic heat pipe regenerator core consists of an array of heat pipes which
completely spans adjacent flow ducts through which air and gas move past each other
in a counterflow arrangement. The heat pipe array, stacked in either a staggered
or an in-line arrangement, is oriented with the heat pipe axes normal to the air and
gas flow directions, All the heat pipes at a given point along the core length are iso-
thermal, the heat pipe temperature being intermediate between the air and gas tem-
peratures at that point. The temperature of individual heat pipes varies from a
minimum at the air inlet end of the core to a maximum at the air outlet end.

Because the air and gas flow over banks of closely spaced heat pipes, the effective
hydraulic diameter can be quite small even though the flow duct dimensions are
relatively large. Large core flow duct dimensions simplify and minimize regenera-
tor header and external ducting requirements.,

12
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The basic core module is shown in Figure 4. The module width is equal to the heat
pipe length Lp; the flow length is L and the height is H, The module is separated by
a wall into an air passage of width L and a gas passage of width Lg. The heat
pipes, of diameter d, are shown arranged in a staggered pattern with transverse
spacing Xid and longitudinal spacing de. (The heat pipes can also be stacked in an
in-line arrangement. )

Core modules can be stacked end-on, side-on, or in combination to build up a core
of any desired size and shape. A four-module core is shown in Figure 5. In the
stacking process, the flow length L, having been established from pressure-drop
considerations, remains constant. The frontal area increases in proportion to total
flow rate requirements.

The heat pipe regenerator core is also adaptable to arrangement in a cylindrical
configuration, TFour possibilities are shown in Figure 6. On the left, the heat pipes
are oriented radially while the flow is in the axial direction. On the right, the heat
pipes are oriented axially while the flow is in the radial direction, In the central
figure, the heat pipes are arranged circumferentially. In the upper half of the
figure, flow is in the radial direction; in the lower half, flow is in the axial direc-
tion. Selection of a particular configuration will depend largely on the size and
shape of the gas turbine to which the regenerator is to be mated.

The characteristics of cores with rectangular geometries have been investigated

analytically. Results should be roughly applicable to the cylindrical configurations
of Figure 6.

HEAT PIPE DESIGN CONSIDERATIONS

The heat pipes which comprise a gas turbine regenerator core should be designed
in azcordance with the following okLjectives:
Long length
Low weight per unit surface area
* Low sensitivity to orientation and acceleration

Long length is desirable to minimize the number of flow ducts, thus simplifying the
headers and external ducting and reducing their weight. In addition, the number of
heat pipes to be fabricated is reduced. Low weight per unit surface area reduces
total core weight. Low sensitivity to orientation and acceleration is important,
since these parameters may vary substantially during flight, Also, it may be
impractical to orient all heat pipes in the same direction (see Figure 6).

Heat pipe design variables include: the heat pipe fluid, wick characteristics, heat
pipe diameter, wall thickness, and heat pipe and wick material. The influence of
these variables on design objectives will now be examined. The influence of orienta-
tion and acceleration on heat pipe design is also considered.

13
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Heat Pipe Fluid

In Appendix II, an expression for the maximum heat pipe length Lp for isothermal
operation is developed. For any given geometry, Lp is shown to be proportional to
a parameter 8 which depends on fluid properties only, The fluid parameter 3 is
equal to 12 (kPy/¥ )1/ 2 where Py is the vapor pressure (psi), k is the heat of
vaporization (Btu/lb), and v is the kinematic viscosity of the vapor (ft2/hr).

units of 8 are (Btu-hr)! /ft2

In Figure 7, B is shown as a function of temperature for several potential heat pipe
fluids (solid lines). Fluid property data on which these curves are based are given
in Appendix ITI. These fluids were selected for consideration because they have
vapor pressures of 0.1 psi or greater at the minimum heat pipe temperatures in
the regenerator core (750 ° to 800 °F), For vapor pressures below 0,1 psi, 8 is too
small to yield heat pipe lengths of interest for heat pipe regenerators.

From Figure 7, we see that the length of a cesium heat pipe is about twice as great
as that of a potassium heat pipe and about an order of magnitude greater than the
length of a sodium heat pipe. A sulphur heat pipe can be 6 times longer than a
cesium heat pipe, while 2 mercury heat pipe may be 40 times longer. On the

basis cf the fluid parameter B, the list of potential heat pipe fluids was reduced to
three: cesium, sulphur, and mercury.

If the heat pipe length is to equal the maximum length for isothermal operation, the
heat transport capacity should be equal to the maximum isothermal heat transfer rate,
The desired heat transport capacity is achieved, for a given axial pore radius rp,

by selection of a radial pore radius Tpn for which the pressure difference across the
liquid-vapor interface is sufficiently large. The radial pore radius should not be
smaller than the lower limit for wick fabricability (estimated to be about 0.5

micron),

Unfortunately, the required rpy is not a simple function of fluid properties. How-
ever, it is shown in Appendix I that Tpn is proportional to fluid properties for the
following special cases:

[ rp

I'pn o€ = o
14 T
v g

mevp ()

Here r,, is an optimnum pore radius for uniform wick heat pipes which maximizes
the heat transport capacity in a horizontal heat pipe for which Lg/L¢ >> 1, 0 is the
surface tension at the heat pipe liquid-vapor interface, and Py is the vapor pressure.
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In Figure 7, the ratio 6/Py is shown as a function of temperature for the heat pipe
fluids under consideration (dashed lines). For the heat pipe dimensions considered
in this report, rp/rpu is roughly close to 1 for cesium, potassinm, and sodium.
Therefore, Tpn for these fluids is roughly proportional to #/Py. For mercury and
sulphur, however, rp/ Ipy is much smaller than 1, and Ton for these fluids is pro-
portional to (Vy/ Y¢) (0/Py). Using approximate values of Vv/ Vg for mercury and
sulphur, we find that

Tpn & 100 o/Py (mercury)

Ipp o 0.1 0/ 2y (sulphur)

From these relations and the dashed curves of Figure 7,

Ipn (mercury) 2 12 rpp (cesium)

rpn (sulphur) o~ 0.005 Ipn (cesium)

Since calculations show that rpn for cesium may be as small as 1,5 microns (see
Table X), it is evident that Tpn for sulphur is well below the lower limit of feasibility.
The longer isothermal length of sulphur heat pipes is thus not achievable, and no
further consideration was given to sulphur as a possible heat pipe fluid.

On the other hand, rpp for mercury is well within the limit of feasibility. Although
mercury heat pipes which have been tested thus far have not performed too well
(most probably because of poor wetting), the superior theoretical performance of
mercury warrants its further consideration. Both cesium and mercury heat pipes
were therefore used in the regenerator design study.

Wick Characteristics

Important wick characteristics include: thickness ty and material, porosity ¢ and
tortuosity b, and the mean pore radii Tp in the axial direction and I'pp in the radial
direction.

Thickness and Material

The wick should generally be as thin as can be fabricated in order to mirimize
heat pipe weight. The wick should preferably be fabricated from the same
material as the heat pipe wall to prevent or minimize internal corrosion problems.
In this study, the wall and wick material are assumed to be identical.

Porosity and Tortuosity

The porosity ¢ is the fraction of the total wick volume which is occupied by the

18
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heat pipe liquid. The tortuosity b is an empirically determined factor in the
expression for the pressure drop through a porous medium. For laminar flow,
the pressure drop per unit length is expressible as buV/rpz, where u is the
fluid viscosity, V is the mean flow velocity in the pores, and I'p is the mean
pore radius.2 The tortuosity b has a value of 8 for a wick composed of simple
axial capillary tubes,2 Since the flow path through a porous material is more
devious than through a simple tube, the pressure drop and hence b for a porous
wick should exceed that for a tube with the same mean pore radius and mean
pore flow velocity. The factor 8, therefore, should represent a lower limit for
the tortuosity.

The factor (b/ ¢)1/ 2 is of significance in establishing the size of wick pores which
will insure fluid flow at the required rate for isothermal operation in a heat

pipe of maximum length, A wick with a relatively small (b/ ¢)1/ 2 will have
larger pores than one with a larger value of (b/¢)1/2. The value of (b/¢)1/2
corresponding to b =8 and ¢ =1 is 2,83, and should represent a lower limit.

In a recent study, the properties of sintered fiber, sintered powder, and woven-
mesh screen wicks were measured.10 All of the wicks had a thickness of 0.1
inch, were fabricated from nickel, and had relatively uniform pores. Proper-
ties measured included: mean diameter dg of solid elements comprising the
wick (fibers, particles, and wires), porosity ¢, mean pore radius rp, and the
reciprocal of permeability K.

The measured data are shown in Table III, along with the tortuosity b and

(b/ ¢)1/ 2, The tortuosity was calculated from the relation b = ¢Krp2. Surpris-
ingly, for three of the wicks in Table III, the calculated tortuosity is less than
the predicted minimum value of 8. The reason for these results is not known,
but they may be attributable in part to experimental error (which could approach
10 percent for the K measurement), in part to lack of complete wick isotropy,
and in part to uncertainity in selection of a pore radius which is truly representa-
tive of the pore size distribution within the wick.

For purposes of analysis, a wick of the sintered fiber type was selected. In
addition to a reasonably small (b/ ¢)1/ 2, this type is readily fabricated into a
high-porosity structure. High porosity results in lower heat pipe weight when
the density of the heat pipe liquid is less than that of the wick material (as is
the case, for example, with cesium and stainless steel).

Values of b =11,2 and ¢ =0. 85 were selected as representative of those attain-
able with sintered fiber wicks. The corresponding value for (b/¢)1/2 is 3.64,
These values were used in all heat pipe calculations presented in this report.
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Pore Radii

A heat pipe wick can have uniform pores (rp =rpp) or nonuniform pores

(rpn <Tp). A nonuniform-pore wick can be approximated by a two-layer wick,
one layer having relatively large uniform pores and the other having relatively
small uniform pores. The layer with the larger pores would be relatively
thick and located next to the inner surface of the heat pipe wall. The layer with
the smaller pores would be relatively thin and in contact with the heat pipe
vapor space,

Whether or not the wick has uniform pores, the axial pore radius rp is limited
in maximum size to some fraction of the wick thickness tw. It has been assumed
here that rp < 1/4 tw.

For a heat pipe with a uniform-pore wick of thickness ty, there is an optimum
pore radius for which the heat transport capacity takes on a maximum value.
The magnitude of the optimum rp and maximum Q depends on the length ratio
Le/Lc, the heat pipe orientation, and the external acceleration experienced by
the heat pipe. A convenient reference heat pipe will be specified which is
horizontal, is not subject to external acceleration, and has an Le/L, which
approaches infinity. The optimum pore radius for this reference heat pipe will
be designated rpy. The corresponding heat transport capacity will be called Qu.

The wick thickness ty of the reference heat pipe also has an optimum value

two =0.185 rw, where rw is the outer wick radius. When tw = two, Tpu takes
on the value rpo, and Qu assumes its maximum possible value, Qo. In Figure 8,
the variation of Q/Qo with rp/rpo and tw/tyo is shown. For a given ty/tye, the
peak value of Q/Qo is Qu/Qo, and the corresponding value of rp/Tpg i8 rpy/ Tpor

In Figure 9, the optimum pore radius rpo is shown as a function of outer wick
radius ry and temperature for cesium and mercury heat pipes. Corresponding
values of the maximum heat transport capacity Q, are given in Figure 10 for a
heat pipe length L, of 12 inches. Q, varies inversely as Lp.

The heat transport capacity Q will be taken equal to the heat transport rate Qj
in an isentropic heat pipe of maximum length Lp, since maximum heat pipe
length is an important design objective. For a given wick thickness t,, if

Qi € Qu, a uniform-pore wick may be used. I Qi > Qu, the desired heat
transport rate exceeds that obtainable with a uniform wick, and a wick with
nonuniform pores must be used.

Qi/Qy is equal to (Qi/Q)/(Qu/Qo). Qu/Qo is obtained from Figure 8. Qj/Qo is
given in Figure 11 as a function of temperature and diameter d for cesium and
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mercury heat pipes. The wall thickness t of the heat pipes is

d - in. t - mils
1/16 3
1/8 4
1/4 6

The basis for selection of these wall thicknesses is discussed below.

In Figure 12, the variation of Qj/Qy with rp/rpy and rpp/rpy is shown. For a
specified Q;/Qy, the pore radii of wicks with both uniform and nonuniform

pores can be found from Figure 12.
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The following example illustrates the procedure for using Figures 8, 9, 11, and
12 to determine the wick pore radii.

A 1/8-inch-diameter cesium heat pipe has a wick thickness ty which is equal
to the wall thickness t of 4 mils. The maximum permissible pore radius is
1/4 tw or 1 mil. What are the required pore radii rp and rpn for isothermal
operatgon over a maxignum heat pipe length for heat pipe temperatures Tp of
(a) 800 F and (b) 1000 F?

First, note that the optimum wick thickness ty,q is

two = 0.185 ry = 0.185 (r - t) = 0.185 (62.5 - 4) = 10.8 mils

Then
tw 4
—two = 108 0.370

From Figure 8, when tw/two = 0.370, Qu/Qo (the maximum of the
tw/two = 0.370 curve) is 0.81 and rpy/rpo is 2.

(a) Tp = 800°F

From Figure 11, Qj/Qo is 0.3. From Figure 9, rpo is 46 microns. Also,

Q _ Q/Q _ 0.3
u  Q/% 0.8

0.37

From Figure 12, a uniform wick can be used with

Then

rp = 0.19rpy = 0.19 (2 rpg) = 0.19 (2) (46) = 17.5 microns = 0. 69 mil

s

The calculated uniform pore radius is well under the maximum permissible
value of 1 mil.

4
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(b) Tp = 1000°F




From Figure 11, Qi/Qo is 3.7. From Figure 9, rpo is 86 microns. Also,

R R R
Q Qu/Q 0.81 )

Now let rp = 1mil = 24.5 microns (its maximum permissible value). Then

I‘p - EE/rpo _ 24.5/86 = 0.142

Ipu I‘pu7rpo 2

From Figure 12, rpn/rpu = 0.009, and
rpn = 0.009 rp, = 0.009 (2 rp0) = 0.009 (2)(86) = 1.55 microns

Results such as those obtained for the pore radii rp and rpn are applicable to
horizontal heat pipes with no external acceleration and with an evaporator
section which is much longer than the condenser section (Le/L¢ >> 1). When
the heat pipe is not horizontal and/or is subject to external acceleration, a
reduction in rpp may be necessary. This situation is discussed shortly.

When Le exceeds L¢ by only a moderate factor, the required pore radii are
larger than when Le/L¢ >> 1. As will be shown, the desired Le/Le for regen-
erator heat nipes is in the range 3~5. Hence, the above procedure for deter-
mining the wick pore radii yields conservative results.

Heat Pipe Diameter

The heat pipe diameter d is largely determined by regenerator heat transfer surface
requirements. To meet regenerator design goals of compactness and low weight,

d should be small, preferably not exceeding 1/4 inch. In this study, diameters of
1/16, 1/8, and 1/4 inch have been considered. Since the maximum heat pipe length
Lp for isothermal operation varies as d 3/2 [see Equation (59), Appendix IT], the
heat pipe diameter selected will represent a compromise between the conflicting
design goals of long heat pipe length on the one hand and regenerator compactness
and low weight on the other.

wall Thickness and Material

The heat pipe wall should be as thin as possikle to minimize regenerator weight.
Wall thickness and material are determined by ccnsiderations of fabricability, cor-
rosion, strength, and mechanical stability.
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Fabricability

Stainless steel tubes 1/16 inch in diameter have been fabricated with 3-mil
walls, and 1/4-inch-diameter tubes have been fabricated with 4-mil walls.13,14
Tubes of 1/8-inch diameter with 3-mil walls also appear to be feasible.

Corrosion

The heat pipe wall must successfully withstand corrosion from both the heat
pipe fluid inside the heat pipe and the hot air and turbine exhaust gas which
flows over the heat pipe exterior. Limited corrosion studies indicate that
cesium should be compatible with austenitic and ferritic stainless steels and

: Haynes 25 alloy at temperatures up to 1600°F.15 There does not appear to be

i any corrosion data for the cesium-Hastelloy X combination, but the corrosics
behavior in this case is probably similar to that experienced with stainless
steels.

Although little surface damage was observed after cesium-stainless steel com-

patibility tests, at temperatures above 1200°F there was some decarburization

and leaching of carbide precipitates. Should such decarburization extend to the

outer heat pipe surface, corrosion resistance to the external heat pipe environ-
! ment could be adversely affected.

Titanium has successfully withstood exposure to cesium vapor for 10, 000 hours
at 1052°F, although surface tarnishing has been observed.1® A cesium-
titanium heat pipe has been successfully operated for 2000 hours at 750°F (see
Table I).

T A

Mercury appears to be most compatible with ferritic stainless steels. The
alloy CROLOY 9M may be suitable at temperatures below 1000°F, although
problems have been encountered at 1100°F. *

b
!

Tests of 0. 060-inch-cdiameter, 3-mil-thick, 347 stainless tubes in a typical gas
turbine regenerator environment with a gas inlet temperature of " 1350°F
resulted in excessive intergranular oxidation due to precipitation of chromium
carbides at the grain boundaries. Further tests with Hastelloy X 3-mil sheet
in a similar environment produced no significant oxidation. 13

The above information indicates that cesium heat pipes at temperatures below
1000°F can be successfully fabricated from stainless steel and possibly titanium.
Above 1000°F, Hastelloy X may be necessary to provide sufficient oxidation

* Personal communication with J. DeVan, Oak Ridge National Laboratory, Oak
Ridge, Tennessee.
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resistance to the exhaust gas environment. For mercury heat pipes at temper-
atures below 1000°F, ferritic stainless or CROLOY 9M may be considered.

Strength and Mechanical Stability

Wall stresses and the meciianical stability of cesium and mercury heat pipes
have been evaluated. Since the external air-side pressure is 147 psia and the
external gas-side pressure is 15.5 psia, the net radial pressure acting on the
heat pipes, and its direction, will depend on the magnitude of the internal vapor
pressure as well as on the position along the heat pipe. The net radial pressure
for cesium and mercury heat pipes is shown in Table IV. Radially inward net
pressure is indicated by (+), and radially outward pressure is indicated by (-).

TABLE IV, NET RADIAL PRESSURE ON HEAT . IPE WALLS
Heat Pipe Fluid Cesium Mercury
Temperature (°F) 785 1296 785 1000
Vapor Pressure (psi) 0.45 18 40 175
Net Radial Pressure
Gas Side (psi) +15.0 -3 -24.5 -159.5
Air Side (psi) +146.5  +129 +107 -28

The compressive or tensile circumferential wall stress and required pressure
for radial buckling are shown in Table V for Lest pipes of the indicated diam-
eters and wall thicknesses. The compressive stress was calculated for a net
radial pressure of +146.5 psi, and the tensile stress was calculated for a net
radial pressure of -159. 5 psi.

TABLE V. HEAT PIPE STRESSES AND BUCKLING PRESSURE
Cor~pressive Tensile Buckling
Diameter Thickness Stress Stress Pressure
(in.) (mils) (psi) (psi) (psi)
1/16 3 1452 1580 8500
1/8 4 2220 2480 2400
1/4 6 3000 3270 965
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At temperatures of 1300°F or less, the stress for 1 percent creep in 10,000
hours is greater than 4500 psi for stainless and Hastelloy X; therefore, cesium
or mercury heat pipes of these materials with the indicated diameters and
thicknesses should be structurally adequate.16 They should also be stable
against buckling, since the required buckling pressures are in excess of the net
radially-inward pressure of 146.5 psi.

For cesium-titanium heat pipes at 1000°F or less, the required buckling
pressure is one-half that indicated above, but i. 1s still in excess of the net
external pressure. However, the stress for rupture in 1000 hours in titanium
is 3000 to 5000 psi.17 The stress for 1 percent creep in 10,000 hours may be
roughly 50 percent of the stress for rupture. The indicated heat pipe thick-
nesses may therefore be too small for a cesium-titanium heat pipe at 1000°F,
but they are probably satisfactory at somewhat lower teniperatures. ’

The above heat pipe thicknesses will be used for regenerator core weight cal-
culations. While a 3-mil wall is probably adequate for 1/8-inch heat pipes
from the strength and stability viewpoint, a 4-mil wall will be used for added
protection against corrosion.

Stresses due to vibration, acceleration, or restraints introduced by fabrication
of heat pipes into a regenerator core have not been considered here, as these
will be a function of specific mission requirements, regenerator configuration,
and fabrication procedures. Consideration of these stresses could require
modification of the wall thicknesses which have been selected for analysis.

Effect of Orientation and Acceleration

In the preceding discussion, it has been assumed that the heat pipes are oriented
in a horizontal position and are not subject to accelerative forces. Since the heat
pipe regenerator is to be mounted in an aircraft, variations in orientation and
external acceleration are to be expected. Aside from operational considerations,
the core configuration itself may include large numbers of heat pipes which are
oriented at an angle to the horizontal (see Figure 6).

When a horizontal heat pipe is inclined and/or subjected to external acceleration
along its axis, the heat transport capacity will be affected. The geometry of an
inclined heat pipe subjected to vertical acceleration is shown in Figure 13. When
the condenser section C is lower than the evaporator section E, the angle § to the
horizontal is taken to be positive. When the condenser section C is higher than the
evaporator section E, 9 is negative. The vertical external acceleration on the heat
pipe is taken to be positive when directed upward and negative when dirzcted down-
ward. The acceleration n is expressed as the number of '"g's", where g is the
acceleration due to gravity. The component of acceleration along the heat pipe axis
is nsing.
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Figure 13. Geometry of Nonhorizontal Heat Pipe
Subjected to Vertical Acceleration.

When the angle 6 is negative, the return of condensate to the evaporator section is
aided by gravity, and the heat transport capacity is increased. The addition of

n g's of upr. ard external acceleration would increase the effective weight of conden-
sate, facilitating the condensate's return to the evaporator section and further
increasing the heat transport capacity. One g of acceleration in the downward
direction would effectively neutralize the weight of condensate, and the heat trans-
port capacity would then remain the same as it was in the horizontal position. More
than one g in the downward direction would retard the flow of condensate to the evap-
orator section, reducing the heat transport capacity below its horizontal value. A
sufficiently large downward acceleration would reduce the heat transport capacity to
zero.

When the angle 6 is positive, the situations described for the negative angle are
reversed. Gravity now retards the return of condensate to the evaporator. A
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sufficiently long heat pipe and/or large upward acceleration will reduce the heat
transport capacity to zero. In this case, a downward acceleration of one g will
completely neutralize the effect of gravity. A downward acceleration in excess of
one g will facilitate the return flow of condensate, resulting in an increase in the
heat transport capacity over its horizontai value.

Acceleration Parameter

The effects of orientation and acceleration on heat pipe performance are quan-
titatively described by the dimensionless acceleration parameter o, where

1+ n)p&r@Lpsino
- 20

[See Equation (11), Appendix I] « is equal to the fractional change in heat
transport capacity which occurs when a heat pipe is inclined and/or subjected
to vertical acceleration. The heat transport capacity decreases when o is
positive and increases when « is negative. In Figure 14, ¢ is shown as a
function of the effective vertical heat pipe height Lysin0 and the vertical accel-
eration n. The data apply to a temperature of 785 F, cesium or mercury heat
pipe fluids, and a radial pore radius rpp of 24 microns. The horizontal line at
a = 1 identifies conditions for which the heat transport capacity is zero. (The
horizontal line at @ = -2 identifies another limiting condition which will be dis-
cuss.. »%ortly.)

The vauiation of o, and hence the fractional change in heat transport capacity,
with radial pore radius rpp is shown in Figure 15 for a heat pipe with

Lpsing = 10 inches. Again, the data are applicable to cesium and mercury at
785°F. Figure 15 indicates that the sensitivity of heat transport capacity to
orientation and acceleration is greatly reduced for radial pore radii on the order
of 2.5 microns or less.

Heat pipes for regenerators should be designed to function at full effectiveness
under the most adverse combination of orientation and acceleration which per-
sists over an appreciable fraction of total flight time. Accelerations of short

duration may occur during takeoff, landing, and momentarily during flight. A
loss of regenerator effectiveness during these periods will have little effect on
overall fuel economy. For purposes of analysis, therefore, the most adverse
condition was considered to be that fcr which the heat pipes are oriented ver-

J tically with the condensor end down, with no external acceleration. This con-
; dition would exist, for example, during horizontal, constant-velocity flight in
an aircraft utilizing a regenerator with radial heat pipes oriented normal to the
aircraft axis (see Figure 6). The acceleration parameter @ would then be that
i corresponding to § = 90° and n = 0,
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In order to assure that the heat transport capacity will be equal to the heat input
rate when o is positive, suitable corrections must be made to either the pore
radius rpp or the heat pipe length Lp which has been determined for horizontal
heat pipes (i.e., for heat pipes witha = 0). These corrections can be estab-
lished from Equations (11), (15), (19), and (21) in Appendix I and Equation (57)
in Appendix II. They take the form

rpn(@) _ 1

rpn(a=0) - l1+a ' E 20

Lp(@) _ a2_a

To = 0) 1+T 5 a>0

and are plotted in Figure 16.
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Figure 16. Correction Factors for rpn and Ly Whena > 0.

36



S B SR

Since maximum heat pipe length Ly is an important design objective, the cor-
rection to assure proper operation when @ > 0 should be made to the pore
radius rpp. If the corrected Ipn is impractically small, then a reduction in Ly
will be necessary, to the extent indicated in Figure 16.

Still another method for maintaining the heat transport capacity of a heat pipe
when the acceleration parameter @ becomes positive involves adjusting the ratio
Le/Le, where Le is the evaporator (gas-side) length and L¢ is the condenser
(air-side) length. As shown in Figure 17, the heat transport capacity varies
significantly with Le/L¢e. For a givena, there is an optimum Le/L¢ at which
the heat transport capacity assumes a maximum value. For a horizontal heat
pipe (@ = 0), the optimum Le/Lg¢ is 1, and the maximum heat transport capacity
is twice the value for Le/L¢ = o .

The use of a variable Lg/L, to control the heat transport capacity complicates
the analysis of heat pipe regenerators, since the heat transfer and friction
parameters which determine the frontal area, length, and heat transfer surface
of the regenerator core also depend on Lg/L.. In this report, only adjustments
in pn and Lp were considered in order to maintain proper heat pipe perfor-
mance whena > 0,

Since the actual Lg/L, will probably lie in the range from 3 to 5, Figure 17
indicates that actual heat transport capacities may be 20 to 30 percent larger
than values which have been predicted on the assumption that Le/L; = .
Thus, a margin of safety is implied in all previous calculations involving the
heat transport capacity.

Design Criterion for Negative o

The heat transport capacity increases when the acceleration parameter « is
negative, as has already been mentioned. If the heat pipe has been designed to
operate at the design heat transfer rate in the horizontal (@ = 0) or condenser-
down (¢ > 0) position, one might assume that operation at the design rate in the
condenser-up (@ < 0) position does not represent a problem.

However, for negative @ when | a| > 1, a minimum heat rate Quin is required
to maintain a fully saturated wick over the entire heat pipe length. If the design
heat input is less than Quin, 2 portion of the condenser section will dry out, the
liquid accumulating at the bottom of the evaporator section. The heat pipe would
then have undergone "burnout' at the condenser end and 'floodout" at the evap-
orator end.

A minimum heat input is not required when | @| < 1, because then the interface
pressure difference 2¢/re at the evaporator end is large enough to support a

37

[



Q/Qq

4.0

A
34

3.2 ]I
IR

2.8

=-2.0

26

24 N\
22 \

2\
8 A
| NS

/ L~

Q=-08

Y
N

N -
1.6 Q=-06
) . \\\ %a:-o4
|.2 \ \R \\ Q=‘O.2
1.0 AN ™~ AN Q=00
‘ < .

NEA \ &

0.8 N N Q=0.2
0.6 \\\ \\\\ Q=04
0.4 =y Q=06
0.2 e Q=08

0.0 a=1.0
0.0 02 04 06 08 1.0 1.25 167 25 50 o «L./L,
a 50 295 167 125 10 08 06 04 02 OeL./Le

Figure 17. Variation of Heat Transport Capacity With
Le/Lc and a for Uniform Wick Heat Pipe.

38



PREBPRIEE, TPy SO i T v T

column of liquid equal in height to the vertical heat pipe height Lp siné with an
effective density of (n + 1)py, even when no heat is being transported. (In this
case, liquid bulges out of the pores in the evaporator section.)

When |a| > 1, the liquid pressure at the base of the column would exceed that
available at the interface, unless the column of liquid were moving through the
wick toward the evaporator section. The frictional pressure drop (at a suffi-
ciently high flow rate) would then reduce the pressure at the column base to
the available interface pressure, thus permitting the entire length of the heat
pipe wick to remain saturated with liquid. The minimum heat rate Quip is
then that value at which the liquid pressure drop is just sufficient to maintain
the pressure of liquid arriving at the evaporator section just equal to the
maximum available interface pressure.

Analysis of this problem (see Appendix I) indicates that the design heat input

rate will always be equal to or greater than Qmin, guaranteeing proper
operation for negative values of @, whenever the following critericn is met:

|a|< 2

If this criterion is not met, the effective heat pipe length will be shortened,
and the design heat input rate or temperature cannot be maintained.

With reference to Figure 15, consider a 10-inch cesium or mercury heat pipe
oriented vertically with the condenser end up, and having an rpn of 25 microns.
The effective heat pipe length would drop below 10 inches upon application of
an upward acceleration in excess of 1g, since then |a| > 2. The same pipe,
if fitted with a wick for which rpn = 12.5 microns, would function properly
under upward accelerations as high as 3g's. In the absence ot external accel~
eration, the heat pipe easily meets the | a| < 2 criterion with an rpp of 25
microns,

If a heat pipe operates at the design heat transport rate when in the condenser-
down position in the absence of external acceleration, then of necessity ¢ must
be less than one. It then follows that there is no minimum heat input require-
ment when the heat pipe is operated in the condenser-up position. Thus, if
the heat pipes in the radial configuration of Figure 6 are designed to transport
heat.at the required rate when in the condenser-down position in the absence
of external acceleration, they will operate properly in any orientation.
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REGENERATOR CORE CHARACTERISTICS

Heat pipe regenerator cores have been analyzed on the basis of the rectangular
geometry shown in Figures 4 and 5. The core characteristics of primary interest
include: core or flow length L, specific frontal area Afg, specific heat transfer
surface area Ag, specific weight W.g, and air-plus-gas duct width Ly (same as
heat pipe length). Also of interest are the pore radii rp and rpp of the heat pipe
capillary wick. (The term "specific'' denotes the indicated quantity per unit mass
flow rate of air or gas.)

The flow length, specific frontal area, and specific heat transfer surface area can
be determined independently of internal heat pipe properties. The other character-
istics of interest require consideration of internal heat pipe properties as well as
external flow conditions.

The analysis was carried out under the following assumptions:
1. The exhaust gas mass flow rate is equal to the air mass flow rate.

2. The exhaust gas has the same pressure-independent physical properties as
the compressed air at a given temperature.

3. The momentum contribution to pressure drop in the gas and air flow ducts
is negligible. (For all cases of interest, the momentum contribution was
less than 2 percent of the friction contribution.)

‘., The surface area of the wall separating the air and gas flow ducts is small
compared to the total heat pipe surface area; thus, it can be neglected in
the calculation of specific heat transfer surface area.

5. Only the weight of the heat pipes was included in the calculation of specific
core weight. The weight of internal structure such as flow duct walls,
brazing compound, etc., was not considered because it is dependent on
specific regenerator design configurations and fabrication techniques.
Because of the simple core geometry, structural weight should constitute
only a small fraction of total core weight, most probably less than 20
percent.

6. A maximum temperature variation of 10°F over the heat pipe length is
allowed when calculating heat pipe length. This temperature variation

corresponds to a 10-percentdrop in vapor pressure.

7. The heat pipe temperature is considered to be constant when calculating
gas-to-air heat transfer rates.
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8. The heat pipe wick is fully wetted by the heat pipe fluid.

The basic core configuration studied employed the same heat pipes throughout the
i entire core (single-zone core) in a staggered arrangement. Modifications to the
basic configuration were also considered, including:

1. Single-zone, staggered cores in which externally finned rather than smooth
heat pipes are used.

2. Single-zone cores in which the heat pipes are arranged in an in-line rather
than a staggered arrangement.

3. Two-zone, staggered cores in which the heat pipes above 1000°F differ
P from those below 1000°F in diameter, heat pipe fluid, and/or material.

Core characteristics for the basic configuration are presented first, followed by a
discussion of the design alternatives. Calculational methods used to determine

regenerator core characteristics are described in Appendix II.

Single-Zone Cores With Smooth, Staggered Heat Pipes

Core Length, Specific Frontal Area, and Specific
Heat Transfer Surface Area

The variation of core length, specific frontal area, and specific heat transfer

’ surface area with the ratio of gas-to-air duct width Lg/Ly = Le/Lc and heat

; pipe spacings Xtd and X;d is shown in Figures 18, 19, and 20. A regenerator
effectiveness of 0.7 and a heat pipe diameter of 1/8 inch were used to calculate
the data for these figures. (For X; = 1.2, the heat pipes are in contact when
Xp =0.8. Therefore, for this case the smallest value of X, used was 1. 0.)

e T, AN

From Figure 18, core length is seen to be an increasing function of Lg/ La.
From Figure 19, the specific frontal area is a minimum at Lg/La =5, From
Figure 20, the specific heat transfer surface area, to which core weight is
proportional, reaches a minimum at Lg/ Ly = 3. A value of Lg/ Lgq = 4 was
selected as best meeting the design objectives of low core weight and small
frontal area. (Small frontal area reduces header weight and may be required
for regenerator compatibility with gas turbine frontal area limitations.) With
Lg/ Ly = 4, the specific frontal area and the specific heat transfer surface are
only slightly larger than the minimum values.

H
;
i
4
¥

Since the core characteristics L, Afg, and Ag all increase with the longitudinal
spacing parameter Xy, the smallest value of X, which is feasible from fabri-
cation considerations should be used. While L and Ag both increase with the
transverse spacing parameter Xt, Afg decreases with increasing X;. The
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SPECIFIC FRONTAL AREA (A )= FT2/LB/SEC
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choice of Xt is then dependent on the relative importance of small heat transfer
surface area and short length versus small frontal area for a specific design
application.

The effect of heat pipe diameter d and spacing on core characteristics is shown
in Figures 21, 22, and 23 for € = 0.7 and Lg/Lg = 4. The effect of spacing
is the same as that pointed out in the previous set of figures. As expected, the
smalleat feasible heat pipe diameter should be used to minimize core length,
frontal area, and heat transfer area.

Specific Core Weight

The variation of specific core weight with heat pipe diameter d, wall thicknesas
t, and the ratio of wick thickness to optimum wick thickness t,/t,, is shown
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SPECIFIC FRONTAL AREA (Af.) = FTZILB/SEC
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in Figure 24 for cesium heat pipes and in Figure 25 for mercury heat pipes.
In both figures, € = 0.7, Lg/la = 4, ¢ = 0.85, the heat pipe wall and wick
are stainless steel, and the mean heat pipe liquid temperature is 932°F.

The heat pipe spacing parameters have the values Xg = 1.0 and X¢ = 1.5.
These values were selected as representative of spacings which could be fab-
ricated without undue difficulty. A reduction of about 10 percent in Ag and W¢s
and a slight reduction in Afg would resvlt from letting X g = 0.75. If Xt were
equal to 1.2, Ag and W¢g would be reduced by about 8 percent, but at the
expense of roughly a 75-percent increase in A¢g. (See Figures 22 and 23.)

Figures 24 and 25 indicate, as expected, that for minimum core weight the
minimum feasible wall and wick thicknesses should be used. When a 3-mil
heat pipe wall is considered, the total heat pipe weight using the optimum wick
thickness (ty,/tyo = 1) is twice that of the heat pipe wall alone (ty,/tyo = 0)

for cesium heat pipes. For mercury heat pipes, the total weight is five times
that of the wall. Thus, it is desirable to use a wick of less than optimum
thickness. The penalty which must be paid for exercising this option is smaller
wick pore radii.

In Figure 26, the specific core weight is shown as a function of diameter for
cesium and mercury heat pipes, in which the wick thickness ty, is equal to the
wall thickness t, using wall thicknesses which are believed to be feasible fror
the fabrication and corrosion viewpoint. The wall thicknesses used are shown
as a function of heat pipe diameter. The data of Figure 26 were taken from
Figures 24 and 25.

The minimum value of specific core weight, 10.7 lb/lb/sec, is attained with a
1/16-inch-diameter cesfum heat pipe with 3-mil wall and wick thicknesses.

The specific core weight is 20.2 1b/Ib/sec for a 1/8~inch-diameter cesjum

heat pipe with 4-mil wall and wick thicknesses. If the wall and wick thicknesses
of the 1/8-inch cesium heat pipe were less conservatively chosen to be 3 mils,
the specific core weight would drop to 15.9 lb/lb/sec.

Heat Le

Since the maximum heat pipe length for isothermal operation is an increasing
function of temperature, the length should be established at the minimum heat
pipe temperature. The minimum heat pipe temperature Tpmin occurs at the
compressed air inlet of the regenerator and is a function of the gas-side/air-
side length ratio Lz/ Lg and the regenerator effectiveness €. Table VI shows
Tpmin 88 a function of € for Lg/Ly = 4.
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TABLE VI. MINIMUM HEAT PIPE TEMPERATURE

€ Tpmin (°F)
0.5 874
0.8 830
0.7 785

In Figure 27, the maximum heat pipe length for isotherma! operation Lp is
shown as a function of heat pipe temperature and diameter for the indicated
wall and wick thicknesses. The data apply for 2 regenerator effectiveness

€ = 0.7. From Equation (59) of Appendix II, Ly, varies as (Tg = Tpmin)~1/2,
where Tg is the outlet gas temperature. Since both Tg and Tpmin are functions
of ¢, the heat pipe lengths of Figure 27 must be multiplied by a correction
factor for € other than 0.7. The correction factors are:

Regenerator effectiveness 0.
0.

0.6 0.
Correction factor 1

5 7
772 0.866 00

At a regenerator effectiveness of 0.7 and 785°F (the minimum heat pipe tem~-
perature), the length of the 1/16-inch-diumeter heat pipe is 0.7 inch; for the
1/8-inch diameter, 2. 85 inches; and for the 1/4-inch diameter, 9.80 inches.

These lengths increase with temperature at a significant rate.

Where the required heat pipe length is larger than can be attained in a regen-
erator core with pipes of a single diameter, the required length may be
achieved with the use of two different heat pipe diameters. For example, a

length of 9.8 inches is unattainable in a core with i/8-inch-diameter heat pipes.

However, the 9. 8-inch length is achievable if 1/4-inch-diameter pipes arc
used at heat pipe temperatures below 945°F and 1/8~-inch-diameter pipes are
used above 945°F.

Another possibility for increasing ihe allowable heat pipe length is to divide the
heat pipe length into three ducts. Gas would flow through the central duct, and
compressed air would flow through the two outside ducts. This arrangement
would permit the heat pipe length to be doubled because the actual internal flow
length would then be one-haif the total pipe length. * While a doubling of the
heat pipe length is achieved by the above scheme, a more complex ducting
design results.

e
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* Personal communication with J. E. Kemme, Los Alamos Scientific Laboratory,
Los Alamos, New Mexico.
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For mercury at 785°F, the maximum isothermal length is 34 inches for a
1/16-inch-diameter pipe and in excess of 100 inches for 1/8- and 1/4-inch-
diameter heat pipes. (The wall and wick thicknesses for which these data
apply are the same as those indicated in Figure 27.) Since it is unlikely that
such lengths will be required in a regenerator, mercury heat pipes of any
reasonable length can be incorporated into a regenerator core with the assur-
ance that they will function isothermally. (It must be stressed, however, that
this conclusion is dependent on complete wetting of the heat pipe wick. Limited
tests with mercury heat pipes indicate that wetting can be a problem. *)

Single-Zone Coies with Finned, Staggered Heat Pipes

The merits of using finned rather than smooth heat pipes in a regenerator core have
been evaluated. The comparison was made on the basis of 1/4-inch-diameter,
stainless steel heat pij.ce in a staggered arrangement.

The finned heat pipe geometry used is that of tube bank CF 8. 72, which is described
in Table 9.4 of Reference 18. The fin cross section is triangular. Theabsolute fin
dimensions and heat pipe spacing are equal to 25/38 times the dimensions for tube
bank CF 8.72, since the tube diameter of CF 8.72 is 0. 38 instead of 0.25 inch.
The height of fins on the 1/4-inch heat pipes is 0.178 inch, the mean fin width is
0.01188 inch, the pitch is 0. 0755 inch, the transverse spacing is 0.642 inch, and
the longitudinal spacing is 0.526 inch. The method of analysis for a finned heat
pipe core is basically the same as that used for unfinned heat pipe cores. Both the
analytical method and the heat transfer and friction data for tube bank CF 8.72 are
given in Reference 18.

The unfinned 1/4~inch heat pipe core with which the finned heat pipe core was com~
pared had a transverse spacing of 0.375 inch and a longitudinal spacing of 0.25 inch.
In both cases an LB/L‘ = 4 was used, and the heat pipe wall thickness was 6 mils.
The weight of the wick and heat pipe fluid, which is the same for the finned and
unfinned pipes, was not included in the comparison of relative core weights.
Results of the analysis are shown in Table VII.

The subscript "f'' denotes the finned heat pipe core, and the subscript "u'" denotes
the unfinned heat pipe core. Ap denotes the primary surface ares; i.e., the sur-
face area of the pipe on which the fins are mounted. For the unfinned pipes,

Ap = Ag. It can be seen from Table VII that the length of the finned core is about
80 percent longer than that of the unfinned core and that it has about 40 percent less
frontal area. The finned core has more than twice the heat transfer surface of the

IR Y

* Personal communication with G.Y. Eastman, Radio Corporation of America,
Lancaster, Pennsylvania




unfinned core, but only about 20 percent of the primary surface. Since the total
length of heat pipes in a core is proportional to the primary surface area, the total
heat pipe length for the finned core is 20 percent of that for the unfinned core.
Despite this fact, the finned core is almost twice as heavy as the unfinned core.
The high weight of the finned core is due to the fins, whose weight is 8.13 times
the weight of the heat pipe wall.

TABLE VII, COMPARISON OF FINNED AND UNFINNED
HEAT PIPE REGENERATOR CORES

Lg/Ly Aggt/Afgy Agi/Agy Apf/Apy West/Wesu

1.61 0.59 2.33 0,20 1.92

——

The high weight of the finned core offsets any advantages which might accrue from
smaller frontal area and smaller total heat pipe length. Therefore, unfinned heat
pipes are preferable to finned heat pipes for use in a regenerator core.

Single-Zone Cores with Smooth, In-line Heat Pipes

The merits of arranging the heat pipes in an in-line array instead of the staggered
array which has been used have been evaluated. The comparative study was per-
formed for 1/8-inch-diameter heat pipes with equal transverse and longitudinal
spacings of 1.5 diameters, equal wall and wick thicknesses, a regenerator effec-
tiveness of 0.7, and a gas-side/air-side length ratio of 5. Results of the study are
presented in Table VIII.

TABLE VIII, COMPARISON OF IN-LINE AND STAGGERED
HEAT PIPE REGENERATOR CORES

Li/Lg Afgi/Afgg Agi/Agg = Wegi/Wegs |

1.24 0.775 0.972

The subscript "i'"" denotes in-line pipes, and the subscript '"'s'' denotes staggered
pipes.

SEPE

55




It can be seen that the in-line core is about 3 percent lighter than the staggered
core, has about 23 percent less frontal area, and is 24 percent longer. The
increased length for the in-line core results from a lower pressure drop per unit
flow length for in-line tube banks than for staggered tube banks. Since there is
little change in the total heat transfer surface area, the increase in core length is
accompanied by a comparable decrease in core frontal area.

A core with in-line heat pipes is thus somewhat preferable to one with staggerecd
heat pipes, particularly when small frontal area is importent. All the regenerator
calculations in this report have been performed for the staggered arrangement,
primarily because heat transfer and friction data were more readily available for
flow normal to staggered tube banks. Application of the factors given in Table VIII
to the characteristics of staggered heat pipe arrays with other diameters and spac-
ings should yield a reasonable estimate of core characteristics for comparable
in-line arrays.

Two-Zone Cores with Smooth, Staggered Heat Pipes

The basic heat pipe regenerator concept is quite flexible, permitting the use of dif-
ferent heat pipes in various secticns of the core. In order to test this flexibility,
five cores were investigated in which two distinct types of heatpipes were employed.

In all the cores, the heat pipes above an arbitrarily selected temperature of 1000°F
were 1/8-inch cesiium-stainless heat pipes with a 4-mil wall and a 4-mil wick thick-

ness. These are referred to as Zone A heat pipes. The Zone B heat pipes, defined
as those with temperatures below 1000°F, are distinguished from those of Zone A
by a different heat pipe fluid, wall and wick material, and/or pipe diameter.

The various Zone B heat pipes have the characteristics shown in Table IX.

TABLE IX. CHARACTERISTICS OF ZONE B HEAT PIPES
Wall Pipe Wall Wick
and Diameter Thickness Thickness
Zone Fluid Wick (in.) (mils) (mils)
B1 Cesium Titanium 1/8 4 4
B2 Cesium Titanium 1/4 6 6
B3 Cesium Stainless 1/4 6 6
B4 Mercury Stainless 1/8 4 4
BS Mercury Stainless 1/16 3 3
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For both Zones A and B, the longitudinal spacing is 1 diameter, the transverse
spacing is 1.5 diameters, the gas-side/air-side length ratio is 4, and the heat
pipes are the same length.

Complete cores consisting of a Zone B plus a Zone A are denoted by B1-A, B2-A,
etc. A single-zone core composed entirely of Zone A heat pipes is denoted by A-A
and is included for comparative purposes.

The core length, specific frontal area, specific weight, heat pipe length, and spe-
cific number of heat pipes Ng of the various core types arc shown as a function of
regenerator effectiveness in Figures 28 through 31. The core length, specific
weight, and specific number of heat pipes were found by weighting L, W, and Ng
for single~zone cores by the fraction of the total heat transfer surface above
1000°F (for single~zone cores composed of Zone A heat pipes) and the fraction
below 1000°F (for single-zone cores composed of Zone B heat pipes) and then by
adding the weighted values. The frontal area was taken to be that for the single-
zone core with the largest Agg. The heat pipe length in the combined core was
taken to be that for the single-zone core with the smallest heat pipe length.

The core length, specific frontal area, specific weight, and specific number of
heat pipes increase with regenerator effectiveness for all core types. The heat
pipe length increases with € for the mercury cores (B4-A, Bf A), reaches a
maximum at € = 0.6 for the 1/4-inch-diameter cesium cores (B2-A, B3-A), and
decreases with € for the 1/8-inch-diameter cesium cores (A-A, Bl-A).

There is little variation in frontal area for the various core types. The core length
increases by about 70 percent over that of a single-zone core when 1/4-inch-
diameter pipes replace 1/8-inch-diameter pipes in Zone B (cores B2-A, B3-A),
and decreases by about 25 percent when 1/16-inch-diameter pipes are used in

Zoae B (core B5-A).

The change in core weight from that of the single-zone core depends on the specific
combination of diameter, fluid, and wall and wick material used in Zone B. The
use of 1/8~inch, cesium-titanium heat pipes (core B1-A) reduces weight by 13 per-
cent. Weight is reduced slightly with 1/16-inch, mercury-stainless heat pipes
(core B5-A). Core weight goes up by 15 percent with 1/4~-inch, cesium-titanium
heat pipes (core B2-A), 50 percent with 1/4-inch, cesium-stainless heat pipes
(core B3-A), and 35 percent with 1/8-inch-diameter, mercury-stainless heat pipes
(core B4-A).

One objective of changing the heat pipe fluid and/or the heat pipe diameter in Zone
B was to increase the maximum heat pipe length significantly. Figure 30 shows
that this objective is achieved. The length of the 1/8-inch~-diameter cesium heat
pipes (cores A-A, Bl-A) is in the range from 2.85 to 3.9 inches. For the 1/4-
inch-diameter cesium heat pipes (cores B2-A, B3-A), Lp lies in the range from
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9.6 to 11.3 inches. For the mercury heat pipes (cores B4-A, B5-A), Ly varies
from 10.3 to 15 inches. An increase in heat pipe length is accompanied by a sharp

reduction in the number of heat pipes to be fabricated, as is evident from Figure 31.

The wick pore radii rp and rpp for the heat pipes of each zone are given in Table X.

All the cores require nonuniform wicks (rpn < rp) in order to utilize the heat pipe
lengths shown in Figure 30. The pore radii vary in size from 1.5 to 38 microns.
The radial pore radii rpp have been corrected to insure proper functioning of the
heat pipes when they are aligned in any orientation (in the absence of external
acceleration).

From the above discussion, it may be concluded that the use of larger diameter
and/or mercury heat pipes in the cooler zone of a cesium heat pipe core can sub-
stantially increase the allowable heat pipe length. The increased length requires
the use of nonuniform wicks with radial pore radii as small as 1.5 microns. At
the same time, the number of heat pipes required undergoes a sharp decrease. A
weight penalty is generally incurred, which can be minimized by the use of titanium
as the heat pipe wall and wick material in the cooler section of the core. The
changes in core length and frontal area accompanying the cooler zone modifications
can probably be accommodated with little difficulty.
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EVALUATION OF HEAT PIPE REGENERATORS

In previous sections of this report, the current status of heat pipe technology was
reviewed, and the results of heat pipe regenerator design studies were presented.
In this section, the characteristics of heat pipe regenera‘crs are assessed with

respect to anticipated Army aircraft propulsion system needs, and technical pro- |
blems which have a bearing on feasibility are discussed. |

! The evaluation will take into account the following design considerations: weight,

‘ integration with gas turbine, structural integrity, lifetime and reliability, opera-
i tional performance, cost, and fabrication. A nominal, single-zone core design will
! be used as a basis for reference. Modifications to the nominal design which resyit
f in improved characteristics will also be considered. The characteristics of the

nominal core design are presented in Table XI for regenerator effectivenesses of
| 0.5t00.7.
TABLE XI. CHARACTERISTICS OF NOMINAL
! REGENERATOR CORE DESIGN
Regenerator Effectiveness
0.5 0.6 0.7
Heat Pipe
Fluid Cesium | Cesium |Cesium
i Wall and Wick Stainless | Stainless | Stainless
Diameter (d) - in, 1/8 1/8 1/8
Gas-Side Length/Air-Side Length (Lg/L,) 4 4 4
Wall Thickness (t) - mils 4 4 4
Wick Thickness (ty) - mils 4 4 4
Wick Porosity (¢) 0.85 0.85 0.85 :
Wick Tortuosity (b) 11,2 11,2 11,2 f
Heat Pipe Length (Lp) - in, 3.92 3.28 2.85
Minimum Heat Pipe Temperature (Tp) - °F 874 830 785 ‘
Heat Transport Rate (Q) - Btu/hr* 112.0 66.7 38.6
Wick Mean Pore Radii
Axial (rp) - microns 25.5 25.5 25.5
Radial (rpp) - microns 9.3 16.8 19,9
Acceleration Parameter (a)* 0.161 0.196 0.223
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TABLE XI - Continued

Regenerator Effectiveness
0.5 0.6 0.7
Core
Hoat Transfer Area/Unit Vol. (a) - ft2/ft3 202 202 202
Free-Flow Area/Unit Frontal Area 0.323 |o.833 0.333
Heat Pipe Spacing (staggered)
Transverse (Xyd) - in, 3/16 3/16 3/16
Longitudinal (X, d) - in. 1/8 1/8 1/8
Length (L) - in. 2.46 3.44 4,92
Specific Frontal Area (Ag,) - ft3/1b/sec 0.815 |0.975 [1.19
Specific Heat Transfer Surface (Ag) -ft2/1b/sec | 32.8 54.9 96.0
Specific Weight (Wg) - 1b/lb/sec 6.90 11.5 20.2
Specific Number of Heat Pipes (Ng) - No./lb/3ec]2740 5800 12,400
*No external acceleration.

SPECIFIC CORE WEIGHT

In Table XII, the specific core weight of the nominal design is compared with the
estimated total specific regenerator weights presented in Reference 19 and with the
oore and total specific regenerator weights for a tube-type regenerator with the
same design crlterh!

TABLE XII. REGENERATOR SPECIFIC WEIGHT COMPARISON (1b/1b/zec)

Regenerator Effectiveness

0.5 0.6 0.7

Core | Regenerator | Core |Regenerator| Core | Regenerator

Nominal Heat

Pipe Design 6.9 11,5 20,2
Ref. 19 7-8.5 11-13 19-22
Tube-type, Ref. 13# 10.2-| 20.2-21.3

11.3

64




The nominal design core weight is seen to be about twice that of the tube-type core.
In order to fall within the range of estimated total regenerator weights of Reference
19, the structural, header, and duct specific weight of the nominal design would
have to be on the order of 1.5 lb/lb/sec or less. Although total regenerator weight
studies have not been carried out in this report, it is estimated that a heat pipe
regenerator arranged in a cylindrical configuration with radial heat pipes would
have a specific total regenerator weight about 2 to 4 1b/lb/sec greater than the
specific core weight.

The primary factor responsible for the specific core weight differential between
the heat pipe and tube-type cores is tube diameter. From Figure 26, a cesium
core with 0,060-inch~-diameter heat pipes (the same as the tube diameter of the
tube-type core) would have a specific weight of 10.5 lb/lb/sec. Heat pipes of
0.060-inch diameter were not specified for the nominal design because (1) it was
felt that this represented too great an extension of the limits of curreat heat pipe
technology (the smallest heat pipes thus far fabricated have 1/4-inch diameters),
(2) the heat pipe length would then be less than 1 inch, and (3) the number of heat
pipes required would be about 5 times that for 1/8-inch-diameter beat pipes.

Specific weights of the nominal heat pipe core design could be reduced by about
20 percent if the wall and wick thicknesses were taken to be 3 mils rather than

4 mils. The 3-mil thickness is adequate from static structural considerations,
However, in view of the corrosion problems encountered in exhaust gas with the
tube -type core (which had 3-mil-thick stainless tube walls) and the probable need
for greater structural rigidity in a vibration environment, the 4-mil thickness
was specified.

The core specific weight could be reduced by about 7 percent if a transverse spacing
of 1.2 diameters rather than 1.5 diameters were used. While such a step is con-
ceivably feasible from fabrication considerations, the frontal area would then in-
crease by about 65 percent. This large increase in frontal area was considered to
be undesirable, as it could lead to an excessive number of flow ducts for a core
with relatively short heat pipes.

Another possibility for reduction of core weight involves the use of a two-zone core
in which titanium is substituted for stainless steel in the heat pipes below 1000°F,
From Figure 29, specific core weight can be reduced by about 15 percent in this
manner. This design al‘ernative would increase heat pipe costs by about 5v percent.

Should longer heat pipes than are available with single-zone cores be necessary to
meet specific design requirements, then two-zone cores must be employed. While
added heat pipe length can theoretically be achieved with a simultaneous weight
reduction through the use of 1/15-inch-diameter mercury~-stainless heat pipes in the
cooler zone of the core (core B5-A), the uncertainty in both the heat transport
capacity of actual mercury heat pipes and the fabricability of 1/16-inch-diameter
heat pipes ruled out this possibility.
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If core B4-A is also ruled out on the basis of uncertain performance of mercury
heat pipes, the choice of two-zone core types would then reduce to B2-A or B3-A,
These cores utilize 1/4-inch-diameter cesium-titanium or cesium-stainless heat
pipes in Zone B and 1/8-inch-diameter cesium-stainless heat pipes in Zone A,
(Hastelloy X is an alternate possibility for the heat pipe material in Zone A.)
(Since the frontal area of Zone B of these cores is slightly larger than the frontal
area of Zone A [see Figure 28], a small transition section will be required between
the two core zones. The weight of this section should not significantly increase
core weight.)

INTEGRATION WITH GAS TURBINE .

The cylindrical core configuration of Figure 6, with radial heat pipes and axial
flow paths, can be readily integrated with a gas turbine engine which utilizes an
axial-flow turbine,* As shown in Figure 32, the core would be mounted directly
in or behind the turbine exhaust duct. Ideally, single gas and air flow ducts would
be used. Then the air duct would be located completely outside the exhaust gas
duct. If multiple ducts are required, then some of the air ducts would have to

be located inside the exhaust gas duct, compromising the simplicity of the concept.

Exhaust gas would flow axially over the gas-side length of the heat pipes and then
be discharged without sharp directional changes. As a result, the total exhaust
gas pressure loss should not be greatly in excess of that experienced by the exhaust
gas in passing through the regenerator core. Also, it should be possible to accom-
modate the heat pipe regenerator core with a minimal increase in overall engine
length. The engine may develop a "midriff bulge', however.

In contrast, other regenerator types may require the exhaust gas to undergo several
changes of direction prior to discharge, which can result in exhaust duct losses of
comparable magnitude to the pressure loss through the core. In addition, such
regenerators can form a rather ungainly appendage to the rear of the engine, sub-
stantially increasing engine length.

Inlet air would be ducted from the compressor exit to an annular inlet plenum. After
flowing over the air-side length of the heat pipes, the heated air would be collected
in an annular exit plenum and then would be ducted to the combustor inlet.

*Although the rectangular configuration of Figure 4 has been used to evaluate regen-
erator core characteristics, the results should be applicable to the cylindrical
configuration of Figure 6 if the mean spacings between heat pipes are comparable.
Some differences are to be expected, however, because of the radially-varying
transverse spacing in the latter case.
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Figure 32. Schematic of Radial Heat Pipe Regenerator
in Turbine Exhaust Gas Duct.

Because of lower probable duct pressure losses, the weight of heat pipe regenera-
tors should compare more favorably to that of other regenerator types when the
weight comparison is carried out on the basis of the same total pressure loss
(rather than the same core pressure loss).

The feasibility of the configuration of Figure 32 will depend on the compatibility

of regenerator core and engine dimensions. For a given frontal area and heat

pipe length, the inner and outer regenerator radii are readily determined from
geometrical considerations. In Figure 33, inner and outer regenerator radii are
shown as a function of flow rate and regenerator effectiveness for the nominal de-
sign core and the two-zone cores B2-A and B3-A. The radii of the nominal design
core, shown in tabular form in Figure 33, are too large to be of interest. For flow
rates of 5 lb/sec and regenerator effectivenesses of 0.5 and 0.6, the regenerator
radii for the two-zone cores do not appear to be unreasonable.

STRUCTURAL INTEGRITY

The wall thicknesses of 4 mils for 1/8-inch heat pipes and 6 mils for 1/4-inch heat
pipes are adequate to withstand the stresses produced by radiz.l pressure differences
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across the walls, although this situation could be altered by corrosion of a signi-
ficant fraction of the wall thickness during operation. Additicnal stresses may
arise as a result of the fabrication process. Also, vibration and acceleration
loadings experienced during operation will produce stresses and deformations which
could affect structural integrity. Evaluation of the regenerator structural adequacy
subsequent to fabrication and under dynamic loading requires detailed design
studies beyond the scope of this preliminary evaluation.

LIFETIME AND RELIABILITY

From the standpoint of internal corrosion, cesium heat pipes should function for
thousands of hours at contemplated operating temperatures without significant
degradation. Excessive corrosion of stainless steel by exhaust gases suggests
that Zone A of cores B2-A or B3-A should be fabricated of Hastelloy X rather than
stainless steel, as this alloy has been shown to resist exhaust gas corrosion
effectively.

Failure c¢f a small number of heat pipes during operation would in itself have
little effect on regenerator performance. However, the heat released by the
combustion of escaping cesium could conceivably cause overheating of surround-
ing heat pipes, which might increase the failure rate. Experimental studies are
needed to evaluate the consequences of individual tube failure.

Experimental determinations are also needed to assess the possible occurrence
of hydrogen gas permeation through heat pipe walls into the vapor space. The
accumulation of hydrogen (which presumably would originate from reduction of
water vapor in the exhaust gas) could eventually shorten the effective heat pipe
length, reducing regenerator effectivepess.

PART-LOAD PERFORMANCE

The heat pipe cores considered in this report have been analyzed at a single engine
operating point, corresponding to full engine power. When the engine is operating
at part load, the temperature level of the cycle will drop. The heat transport
capacity of those heat pipes whose temperatures drop below the minimum design
temperature will be restricted, and these heat pipes may no longer function
isothermally. The regenerator effectiveness at part load would then fall off. If

a turbine with variable nozzle area is used, the turbine inlet temperature will
remain relatively constant over a wide range of engine power, and adverse effects
on regenerator effectiveness will be minimized.19




TEMPERATURE AND ACCELERATION TRANSIENTS

In the course of operation, a heat pipe regenerator mounted on an airc:raft gas
turbine will be subject to temperature and acceleration transients. Since these
variations in operational environment are, by definition, of short duration, the
actual change in heat pipe performance during a transient is in itself probably not
of great consequence. What is iinportant is the capability of the heat pipes to re-
cover from transient-induced changes rapidly.

Perhaps the most critical transient is that associated with startup, when the tera-
perature of the gas and air streams entering the regenerator is rising rapidly.

If the temperature lag of the heat pipes is large enough, the velocity of the
relatively cool, low-density heat pipe vapor may be so high as to impede the flow
of returning condensate. Burnout would then occur. If such a situation were to
persist after the heat pipes had come up to temperature, the regenerator effec-
tiveness would be impaired. On the basis of present heat pipe technology, in-
sufficient information exists for predicting whether this postulated startup problem
is likely to be encountered.

COST

Since interest in heat pipes is but a few years old and since only a few hundred heat
pipes have been fabricated (virtually all in connection with research and develop-
ment programe), little basis exists for the prediction of firm heat pipe produc-
tion costs.

Nevertheless, very rough heat pipe cost estimates have been made on the basis of
experience with electronic devices of similar materials and complexity which
require similar processing. On the assumption of an annual production rate of
10,000,000 alkali metal heat pipes, 12 inches long, 1/8 inch in diameter, and 10
mils thick, the following costs per heat pipe have been estimated:*

Material Heat Pipe Cost
304 Stainless Steel $0.70
Hastelloy X 1.05
A-40 Titanium 1.40

The B2-A and B3-A cores utilize heat pipes ranging in length from 9.6 to 11.3
inches. The 1/8-inch heat pipes in Zone A (>1000°F) have 4-mil walls, and the
1/4-inch heat pipes in Zone B (<1000°F) have 6-mil walls. Assuming that the
above cost figures are applicable to both the 1/8- and 1/4-inch heat pipes of these

*Personal communication with G.Y. Eastman, Radio Corporation of America,
Lancaster, Pennsylvania.
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cores, the specific heat pipe costs (cost/unit air or gas flow rate) are arrived at
in Table XIII.

TABLE XIII. SPECIFIC HEAT PIPE COST
ESTIMATE ($/1b/sec)

Material Regenerator Effectiveness
Core
Type Zone B Zone A 0.5 0.6 0.7
B2-A Titanium Stainless 800 1350 2890
B2-A Titanium Hastelloy X 1030 1700 3600
B3-A Stainless Stainless 630 1030 2160
B3-A Stainless Hastelloy X 860 1380 2860

A target regenerator cost of $700/1b/sec has been suggested for a tubular regenera-
tor of € =0.6 and weighing 44 pounds. This cost is believed to be representative of
today's production technology.* From Table X, the cost of the heat pipes alone
equais or exceeds this figure. Thus, on the basis of the rough cost estimates
available at this time, the cost of heat pipe regenerators will be considerably in
excess of the target cost.

A large cost jump is evident between ¢ =0.6 and 0. 7, indicating that economics as
well as regenerator size considerations favor a regenerator effectiveness of 0.6
or less.,

Since Hastelloy X is expected to be a requirement for adequate corrosion resistance
against turbine exhaust gas in Zone A, the final choice of core type reduces to
whether titanium or stainless should be used in Zone B. The use of titanium
increases the heat pipe cost by about 25 percent, but it reduces core weight by the
same percentage. On the assumption that the weight reduction is worth the extra
cost, core B2-A, with 1/4-inch cesium-titanium heat pipes in Zone B and 1/8-inch
cesium-Hastelloy X heat pipes in Zone A, is considered to be the preferred core

type.

FABRICATION

A 5-lb/sec heat pipe regenevator with a regenerator effectiveness of 0.6 will re-
quire the fabrication of 2290 cesium-titanium heat pipes 1/4-inch in diameter and

*Personal communication with L. Bell, U.S. Army Aviation Materiel Labora-
tories, Fort Eustis, Virginia,
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11. 3 inches long (for Zone B), and 5050 cesium-Hastelloy X heat pipes 1/8 inch

in diameter and 11,3 inches long (for Zone A). The 1/8-inch pipes will have
4-mil-thick walls and wicks, and the 1/4-inch pipes will have 6-mil-thick walls
and wicks. The wicks will be composed of two layers. The layer in contact with
the wall (with probably 75 percent of the total thickness) will have a mean pore
radius of 38 microns in the 1/4-inch pipes and 25.5 microns in the 1/8-inch
pipes. The thinner layer ia contact with the vapor space will have a mean pore
radius of 6.1 microns in the 1/4-inch pipes and 1. 7 microns in the 1/8-inch pipes.

It is believed that the fabrication of heat pipes with such thin walls and thin, two-
layer wicks has not yet been attempted. Therefore, considerable development
effort can be anticipated before successful fabrication techniques are devised.
The techniques must then be adapted to permit production of heat pipes at a
reasonable rate.

Methods must also be devised for fabrication of individual tubes into modules
which can then be assembled into a complete regenerator core. The experience
of others in attempting to fabricate modules of small-hydraulic-diameter heat
transfer elements indicates that successful accomplishment of this task will re-
quire a major effort. The fact that two different materials, such as titanium and
Hastelloy X, may be involved will present additional problems in core fabrication,
although the situation is eased by the isolation of each material in a specific core
zone.

From these remarks, it is evident that the heat pipe regenerator, as is the case

with other advanced regenerator types, will require extensive development to
achieve a successful prototype.
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CONCLUSIONS

The concept of a gas turbine regenerator which utilizes heat pipes as the active
heat transfer elements is technically feasible, The core of a heat pipe regenerator
can be fabricated as an annular ring with radial heat pipes extending between the
inner and outer radii. Such a configuration is well adapted to placement in or
behind the turbine exhaust duct, permitting the axial flow of exhaust gas into and
out of the regenerator core with minimum pressure loss. The addition of the
regenerator will result in increased engine dimensions, but probably to a lesser
extent than with other regenerator types.

An annular, radial-heat-pipe regenerator is best suited to gas turbines with a mass
flow rate of 5 1b/sec or less and regenerator effectivenesses of 0.6 or less. The
preferable core type is a two-zone core consisting of an array of 1/4~inch cesium-
titanium heat pipes followed by an array of 1/8-inch cesium-Hastelloy X heat pipes.
For a mass flow rate of 5 lb/sec, a regenerator effectiveness of 0.6, and staggered
heat pipes, the outside core diameter is 31.4 inches, the annular thickness (normal
to the flow direction) is 11,3 inches, and the core length (parallel to the flow direc-
tion) is 5.6 inches. If the heat pipes were arranged in an in-line rather than a
staggered array, the outside core diameter could be reduced to 27 inches and the
core length would increase to 7 inches. The core contains 2290 1/4-inch-diameter
heat pipes and 5050 1/8-inch-diameter heat pipes. The core weight is 65 pounds,
or 13 1b/1b/sec.

The weight of the heat pipe regenerator core is comparable to the estimated entire
regenerator weight of other core types: hence, the total regenerator weight will
exceed that of other core types. However, a precise weight comparison requires a
detailed engine-regenerator integration study for a particular gas turbine. Because
a heat pipe regenerator is characterized by short length, lack of gas-side headers,
and counterflow design, the structural, ducting, and header weight should be con-
siderably less for heat pipe regenerators than for other regenerator types. If
regenerator weight comparisons are based on equal total cycle pressure losses
resulting from regenerator installation rather than on core pressure losses caly, the
heat pipe regenerator weight should compare favorably with that of other regenerator

types.

As with other advanced regenerator types, the heat pipe regenerator is expensive,
Estimated costs for the heat pipes alone are $1700/1b/sec compared to a target

cost for the entire regenerator of $700/lb/sec. As heat pipes of the type required
have not yet been fabricated, extensive fabrication studies and testing of individual
heat pipes as well as core modules will be required for development of a success-

ful prototype.
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RECOMMENDATIONS

The primary advantages of the heat pipe regenerator are: basic design simplicity,
ease of integration with gas turbines, and reduced exhaust gas duct losses. The
disadvantages are: the cost exceeds target objectives, weight is comparable to or in
excess of that attainable with other regenerator types, and development costs of
individual heat pipes as well as of core modules will be substantial.

Since neither experimental performance data nor firm cost data were available for
the thin-wicked, small diameter heat pipes which were employed in the regenerator
study, the study conclusions are subject to considerable uncertainty. Nevertheless,
in view of the apparent disadvantages, the development of heat pipe regenerators

in accordance with the design criteria of Table II does not appear to be justified at
the present time.

Further consideration of thr concept could be warranted, however, by the following
circumstances:

1. The inability of advanced regenerator types currently under consideration to
meet the design criteria, weight, or cost goals.

2. The development of gas turbines with compressor discharge temperatures of
850°F or higher. Minimum heat pipe temperatures in a regenerator would
then approach 1000°F or higher, permitting the use of smaller diameter
heat pipes and single-zone cores, which in turn would lead to significant
reductions in specific core weight and, most probably, cost.

Should either of these eventualities come about or be anticipated, then it is recom-
mended that consideration be given to the following areas of heat pipe regenerator
development:

1. Fabrication studies and tests to determine optimum wick types and wick
characteristics for the small diameter, thin-walled, thin-wicked heat pipes
which have been considered in this study.

2. Fabrication studies to evaluate the problems of constructing small diameter
heat pipes.

3. Testing of small diameter heat pipes to evaluate: heat transport capacity,
transient thermal perforraance, lifetime in a turbine exhaust gas environment,
and sensitivity to orientation and acceleration.

4, Study of techniques for mass production and qualification testing of small
diameter heat pipes at minimum cost.
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5. Study of fabrication techniques for assembling small diameter heat pipes
into a regenerator core,

Should the results of these developmental programs prove to be favorable, then a

firm basis will have been created for subsequent construction and testing of heat
pipe regenerator modules and ultimately a complete heat pipe regenerator.
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APPENDIX 1
HEAT PIPE EQUATIONS

Equations which were used to determine heat pipe characteristics are derived
below. Fluid property data required for calculations were obtained from References

18 and 20 through 25,

HEA1 TRANSPORT CAPACITY

The vapor and liquid pressure variations with heat pipe length are shown in Figure
34 for zero, positive, and negative values of 6, where 0 is the angle between the
heat pipe and the horizontal with the condenser end at the apex (see Figure 13). When
the heat pipe is horizontal (8 = 0), the radius of ctirvature r of the liquid-vapor
interface is assumed to be infinite at the common boundary between the evaporator
and condenser sections, and the liquid and vapor pressures P, and Py at that point
are equal. In the evaporator section, liquid withdraws into the capillary pores, and

(1)

Pye(x) = Pre(x) Tolx)

where Pye(X) = vapor pressure in evaporator section at distance x from end of
condenser section

Pye(x) = liquid pressure in evaporator section at x
re(x) = radius of curvature of liquid-vapor interface at x
o = surface tension at liquid-vapor interface

In the condenser section, liquid bulges out of the capillary pores, and

20
re(X)

Pge(x) = Pyex) + (2)

The symbols in Equation (2) have the same meaning as those in Equation (1), except
that the subscript c is used to denote conditions at a point x in the condenser

section.

When 8 is positive, the liquid pressure at any distance x from the end of the con-
denser section is reduced by

Ppixi = (n+ 13p, x sinf (3)
where Pj x: - effective ligr.d pressure head at x
Py = liquid density
n = vertical external acceleration (+ for upward acceleration, - for

downward acceleration)
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At x=L¢c , Py >P, andr is now finite. The point at which Py -~ P, and r is
infinite has shifted into the condenser section.

When 6 is negative, the liquid pressure at x is increased by - Pp (x). Now at
X = L¢ , r is finite and Py > Py , and the point at which r is infinite and Py = Py
has shifted into the e' aporator secticn.

Now the following assumptions are made:
1. Both the liquid flow and the vapor flow are laminar,

2. The heat addition rate in the evaporator section is constant, and the heat
removal rate in the condenser section is constant.

3. The liquid density and vapor density are constant. (For the vapor, this
implies a negligible fractional pressure drop and, since the vapor is
saturated, a negligible temperature variation along the heat pipe.)

4. The rate at which fluid enters or leaves the vapor or liquid stream at any
point along the heat pipe is small compared to the axial-flow rate at that

point.

With these assumptions, the liquid and vapor frictional pressure drops in the
evaporator and condenser secticns may be expressed as

APve = Pre(Lp) - Pre(Le) = proced o)
Lc
APvc = Pye(Lc) - Pyc(0) = T, APve (5)
by LeQ
APge = [ PrelLo) - Pre(lp)| - [Ph(lp) - P(le)] = ——>—F (&)
21"‘¢rp (rw =Ty )
aPse = [ Pyc(0) - PrelLo) | - [ Ph(Lo) - Pa(0) | = = aPye (1)

where Q = heat input rate = heat output rate
vv= kinematic viscosity of vapor
v; = kinematic viscosity of liquid
K = heat of vaporization
ry= inner wick radius
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rw = outer wick radius

¢ = wick porosity

b = wick tortuosity

= wick mean pore radius in axial direction

If Equations (1) through (7) are used, and if we note that

Pye(Lg) = Pye(Le) = Pn(Le) (8)
Pse(Le) = Pve(Le) - Ph(Le) (8a)
then
S o b
Q = C C (9)
8vy . by,
rv4 ¢rp2(1‘w2 - rvz)
or
4TKO Lec
—_——— (=) (1 +=)
S = (10)
8VV r bVl
ryt ¢rp2(rw2 - rv2)
where
_ (1 +n)p, re(Lp) Lpsing
a = > (11)

Q will take on a maximum value Q, when either r¢(0) = I'pn OF rp(Lp) = rpn, Where
rpn is the mean capillary pore radius in the radial direction. When r¢(0) =re(Lp) =
Ipn, Qm takes on its largest value. This will occur when Le/ Lc takes on an opti-
mum value (Le/Le¢). (Le/Lc) is obtained by equating Equations (10) and

(11) when r¢(0) = re(Lp) = rpn, and is found to be

(Le/Le)o = 1 - (12)

When (Le/Lc) < (Le/Lc)y, re(0) will reach its minimum value of rpn first, and
Equation (9) with r¢(0) = rpp is used to calculate Qm. When (Le/Lc) > (Le/Le)o,
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re(Lp) will reach its minimum value of rpy first, and Equation (10) with re(Lp) =
Tpn is used to calculate Qm.

Now consider a horizontal heat pipe (o = 0) with Le/Le>>1 (i.e., a very short
condenser section). For this case, from Equation (12), (Le/L¢)o =1 and
Le/Lc > (Le/Lc)o. Qm is then calculated from Equation (10) with re(Lp) =rpn,
and takes the form
drko
Lprpn
_ 13
Qm vy . B (13)
ry $rp2(ry? - ry?)

Now, if the wick is uniform (i.e., rpn =rp), Qm takes on its largest value Q, for
a given ry when rp has the optimum value

ry2/ryw? b vy \1/2
fpu = Y (——’—) rw (14)
(- rVZ/rw2)1/2 86 Vv
Qqu is then given by
e v 12 1 12 r3][ ko
S (1 55 (1__> (_> e (15)
N2 rw? rw2 b Lp ||(evv)1/2

If ry now takes on the optimum value

2\1 /2
Tvo = (5 > rw (1 6)
then rpu from Equation (14) becomes equal to rpo, where
1/2
[ %
rpo = <6¢Vv) Tw (17)
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and Q; from Equation (15) assumes its largest value Q,, where

x/2\ 1/2 1/2,.3 KO
S EOROR “’
Now let
I'pn = PIpu
(19)
Ip = Qrpy

If Equation (19) is substituted into Equations (9) and (10) with r¢(0) and re(Lp)
equal to rpn, and if Equation (15) is used,

2 Le) Le
Q““mmu(“ﬁ)‘*‘ o i Sk (20
Q¢n=pTiq'2;§7(1-a)<l+i'—:->Qx ' %>1-a (21)

Equations (20) and (21) express the heat transport capacity of heat pipes with
nonuniform wicks in terms of Qu. Note that Qm can be increased by, at most, a
factor of 2 by letting q be arbitrarily large, |but it can be increased indefinitely by
letting p be arbitrarily small. It is also evident that whenao > 1 , Qy drops to
zero.

MINIMUM Q FOR NEGATIVE a

When « is negative (as, for example, when the evaporator is below the condenser and
6 is negative), a minimum heat input Qmin is needed to keep the heat pipe full if
Le/L¢e >1 - a. The critical condition for the pipe to remain just full is when the
liquid in the wick at the bottom of the evaporator bulges into the vapor space with a
radius of curvature rpp which is now negative. When this critical condition exists,

a is positive (because both 6 and rpn are negative) and p is negative. Qmin may

then be found by letting p be negative in Equation (21). Then it is readily shown that
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Qmin _ -1 @ <0 (22)
Qm |a|+1

When Ia l < 1, Qmin = 0, and the heat pipe will remain full at any heat input
rate.

Now consider a horizontal heat pipe in which heat is transported at the rate
Q(a = 0). If the heat pipe is now oriented with the evaporator end down (nega-
tive 0), it is necessary that Q( a = 0) 2 Qmin if the heat pipe is to continue
functioning properly. From Equation (21), for negative 6,

=0 1 1
mla = % _ = (23)
Qm 1-(-|a])  |a]+1
By equating Equations (22) and (23), it is found that
Qm (@ =0 > Qmin when|a| <2 (24)

Thus, as long as | oz| is less than the critical value of 2, a heat pipe in the
evaporator-down position will function properly at a heat input rate Qn, (@ = 0).

MAXIMUM HEAT TRANSPORT RATE FOR ISOTHERMAL OPERATION

In order for a heat pipe to operate isothermally, the pressure drop in the vapor
must be a small fraction of the vapor pressure. For laminar vapor flow, the
vapor pressure drop APy can be expressed as

v
apy = vIpQ (25)
TgKryd
where g is the acceleration of gravity, Equation (25) was derived from the
basic pressure drop equation for laminar flow in smooth pipes26 by substituting
the average flow rate per unit area for the flow velocity and noting that the
maximum mass flow rate of vapor in a heat pipe is equal to Q/k. The factor g is
necessary for dimensional consistency.

Dividing both sides of Equation (25) by Py and solving for Q, we find that
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Note that ,32 is a function of fluid properties only. It has been found from obser-
vation of vapor pressure - temperature curves for the fluids considered in this
report that if APy/Py < 0.1, the temperature variation along a heat pipe is on the
order of 10°F or less.

Now
d 2t
Tw = ?(1 '?) (27
\

and v = YEsru =ﬁsg( -2) (28)

where d = outer diameter of heat pipe
t = heat pipe wall thickness

8 = ry/ryo
and ry, is given by Equation (16).

Substituting Equatior (28) into (26), we find that

i 4 4
- T g2df, 2 APy
Q= 14 8F p( d) * By (&5}

The criterion for isothermal operation will now be established by letting

g4 APy/Py = 0.1. The maximum temperature variation along the heat pipe of
about 10° F will then occur for heat pipes of optinitum wick thickness, for which
8 = 1. The minimum temperature variation of about 4° F will occur for very thin
wicks when s — 3/2 and s%—* 2,27, Letting Q = Qj for the isothermal
case just defined, we obtain

o 2
& = 11r 15( _ t) (30)

It is convenient to express the maximum heat transport rate for isothermal opera-
tion Qj in terms of Qo . Using Equations (18), (27), and (30),'|we obtain

- oooeg(2) 1 -H)a 2 @

Qi
Q ) Y
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Note that Qj/ Qo is independent of heat pipe length L. Now let Qp = Qj in
Equation (21) with @ = 0, Le/L¢c - oo , and using Equation (19),

o \2
 Tpu < ?& ) Qu
tm = ( -—) (32)

1 +(i)2 U
Tpu

Using Equations (14), (15), and (30) for any given geometry, we find that Equation
(32) can be expressed as

rp 2

l‘pu

T'on o < o ) (33)
) o PV

2
T i
1+ (rpu)

Equation (33) is useful for comparing the relative radial pore radii for differert
heat pipe fluids which are needed to assure that Qu = Qj. For special cases,
Equation (33) reduces to

g Ip _
Vy O I'p
rpp &6¢ — — , =—<<1 35

WALL STRENGTH AND STABILITY

The compressive stress gc in the heat pipe wall under a net external radial pres-

sure AP and the net radial pressure for buckling APy, were calculated from the
formulas27 .

APT
0o = % (36)
AP = —E ({— )3 (37)
4(1-w2) \T



modulus of elasticity
Poisson's ratio
mean radius of heat pipe wall

where

88



APPENDKX @I
REGENERATOR EQUATIONS

BASIC RELATIONS

Basic relations and data used for regenerator calculations were obtained from
Reference 18. The assumptions used in the calculations are presented in the
"DESIGN STUDY - REGENERATOR CORE CHARACTERISTICS" section of this
report.

The regenerator effectiveness € is

T -T
€ = 20 _ ‘ai (38)
Tgi - Tai

The number of heat transfer units NTU is, for counterflow,

€ AU
NTU = 1-c¢ _ WC (39)
where Tao = outlet air temperature
Tai = inlet air temgyerature
Tgi = inlet gas temperature
w = gas or air mass flow rate
C = gas or air specific heat at constant pressure
AU = total core thermal conductance
The total core thermal conductance AU is given by
1 1 1
—— = <+
UA ~ hgAgy = baAg (40)

where hg = heat transfer coefficient between gas and heat
pipe surface

hg = heat transfer coefficient betwieen air and heat
pipe surface

Ag = gas-side heat pipe surface area

Ay = air-side heat pipe surface area

The geometric relations for a bank of staggered heat pipes are
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where X
X
Ac
Af
A
\

Th

The heat-transfer and pressure-drop parameters are given by

s e e o

Ac 1

— = 1 - —

Af X4

A _ T

\'/ Xlxtd

Ac _ Ac/Ag ) (Xt-1X, g

A (A/V)L L T
d Ag

5 SRR ey

transverse spacing /d
longitudinal spacing /d

core free flow area

core frontal area

core heat transfer surface area
core volume

hydraulic radius

(01/3k2/3 ) (G3/5
Ch \T AT 275

h =
dh
0.18

£ -cf<—“—>

dyG
ap _ L VG2
Pi th2
- _EEE)
v 2 \ P, " P,
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(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)
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-~

where h =  heat transfer coefficient
Ch,Cf = dimensionless parameters from Fig. 7-5 of
Reference 18
k =  thermal conductivity
u = viscosity
dp = hydraulic diameter = 4r
G = mass flow rate
L =  core length
f =  coefficient of friction
AP =  core pressure drop
Py =  inlet pressure
Po =  outlet pressure
Tj = inlet temperature
To =  outlet temperature
R = gas constant, (Ib - ft)/(lb - R)
v =  mean specific volume

In Equations (41) through (44), the addition of subscript ""g'" or '"a' identifies gas or

air flow. All temperature-dependent properties are evaluated at the mean flow

stream temperature.

The following additional relations may be noted:

e

Aa Ia

hg _(“a )0.267< Gg)O.G _(I-la )0.267(, i
ha \ ug Ga Heg Lg

where Lg =  gas-side heat pipe length
La =  air-side heat pipe length
w w
AlSO, Gy = —— 5 (Crgieap
& Acg 2 " Aca

Using Equations (40) and (51) and solving for Ag, we find that

WL
Ag - rhGg
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Using Equations (39), (40), (50), and (52), we may show that

- () [oey ] e

Substituting Equation (45) into Equation (53), and then Equations (46) and (53) into
Equation (47), we obtain for the sum of the gas and air stream fractional pressure
drops,

) @02 (5 @@

0.267 0.4 0.447v 0.447V, 1.82| (54)
kg g, Ha a
() || s g

For a specified total core fractional pressure drop, regenerator effectiveness,
inlet and outlet temperatures and pressures, and core internal geometry, Gg can
be solved explicitly from Equation (54).

EXTERNAL CORE GEOMETRY

Once G, has been calculated from Equation (54), hg can be calculated from Equa-
tion (45% The core length L is then calculable from Equation (53).

From Equations (41) and (51) and from the fact that Gy/Gg = Lg/L,, it may be
shown that

Agg =2 - ( ) 55
where Afg = specific core frontal area.
The specific heat transfer surface area Ag is, using Equation (42),
A L
_AV A _ mLAfg (56)

As =~y w = v LM T XX
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The heat pipe length Lyp is found by equating the gas-side heat input rate Qg of a
heat pipe to the maximum isothermal heat transport capacity Qi. Qg is given by

_ Ly/La
Qg = Nd(l—ﬁg/_[.a-)bg Tg = TP) Lp (57)
where Tp = heat pipe temperature

Since Lp decreases as the temperature Tp decreases, the calculation will be
carried out at the air inlet end of the core, where Tp has a minimum value. Tp is
found by equating the gas-side heat input rate to the air-side heat output rate of a
heat pipe. Carrying out this operation and using Equations (49) and (50), we find

that
. ( Hy )0.267 ( Lg >0.4
Tai @ Ij; Tgo

B g \ 0-267 0.4 (58)
() (£)
Hg La
Equating Equations (30) and (57) and solving for Lp, we obtain
3 1/2 2
Lp = 0.0264| —S3(L * Lg/La) (1 -ﬁ) 8 (59)
hg(Tgo = Tp)(Lg/Iﬂ) d ’
CORE WEIGHT
The specific core weight W, can be expressed as
Wes = QAg (60)

where Q is the heat pipe weight per unit of surface area. Qis given by

Q=t(1-di>pw+tw( -%-%‘N‘)El-fb)l)w“‘d)p‘] (61)

density of heat pipe wall and wick material
density of heat pipe liquid

where pw

)
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APPENDIX III

PROPERTIES OF HEAT PIPE FLUIDS
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were obtained from Reference 18 and References 20 through 25. These properties
are given in Table XIV as a function of temperature. The symbols used in Table

The properties of heat pipe fluids which were used to evaluate heat pipe performance
XIV are defined in the List of Symbols on pages x through xiii.
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