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FOREWORD

The diversity of fluid mechanics and heat transfer problems pertaining to the space-based systems is attested
by the present volume of papers. The practical relevance of the results of these papers ranges from the design of
the space station, space instruments, space vehicles and and space power conversion systems to the problems
involved in the space manufacturing. One of the great challanges of the future is to perfect the skills that will not
only establish the man’s presence in space on a more permanent basis, but also to enable him to utilize the unique
features of this environment. Clearly, the technical problems are enormous and the current symposium volume is
an effort to bring together the research efforts pertaining to the heat transfer in space-based systems. The range
of problems considered in the papers includes: super heat pipe design considerations and transient testing; trans-
ient conduction effects in target plates due to the high power laser irradiation and the low temperature radio-
meter design considerations; theoretical and experimental investigations of forced convection condensation with
suction at the wall and gas-liquid flow pattern identification under the microgravity conditions of space; design
of boiling heat transfer and flow separation experiments for space; the use of general purpose fluid mechanics
and heat transfer programs for the design of space station and other space vehicles; liquid metal magnetohydro-
dynamic two-phase flow power conversion system analysis; crystal manufacturing in a microgravity environment;
and analysis of heat transfer problems associated with the space plane and fluid behavior under a rapid depressuri-
zation to the vacuum of space.

The editors wish to express their appreciation to all the authors who submitted abstracts and papers for the
symposium. We also wish to acknowledge the help of reviewers whose efforts have improved the quality of the
papers. Our special thanks are extended to the Innovative Science and Technology Directorate of the Strategic
Defense Initiative Organization which provided partial support for widely advertising the purpose and scope of
this international symposium.

Flavio Dobran
Murray Imber
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SUPER HEAT PIPE DESIGN CONSIDERATIONS FOR APPLICATIONS TO
SPACE-BASED SYSTEMS

F. Dobran
New York University
Applied Science Department
New York, New York

ABSTRACT

The design of space-based systems using heat pipes
should strive towards reliability and optimum heat
transfer without exceeding the heat transfer operating
limits. The heat pipe operating 1limits can be
suppressed and some of them eliminated through a
Jjudicious design or optimization involving the heat
transfer surface and vapor and liquid flow channels. In
the paper the current high heat transfer performance
heat pipes are discussed and a super heat pipe defined
for the purpose of providing the design goals. A
consideration of the optimal vapor flow in high
temperature heat pipes shows that the axial heat
transport capacity depends on the working fluid, vapor
flow area, on the method of vapor introduction into the
main core flow of the evaporator or withdrawal from the
condenser, and on the lengths of the evaporator,
adiabatic and condenser regions. A parametric study is
also presented and methods identified to suppress the
axial heat tranport limits. The design considerations
for optimal boiling and wicking limits in heat pipes
should involve an operation close to the nucleate
boiling fluxes on the evaporator surfaces made of
reentrant grooves or sintered metal powder structures,
with the liquid flowing from the condenser to the
evaporator through separate liquid channels.

NOMENCLATURE

a = Defined by Eq.(35)

A - Flow cross-sectional area

b - Defined by Eq.(27)

¢ = Speed of sound defined by Eq.(2)

C - Defined by Eq.(34)

Cp - Specific heat at constant pressure

d_ - Average grain size of the porous matrix
pP - Hydraulic diameter

f - Friction coefficient defined by Eq.(12)
g - Body force per unit mass

h = Enthalpy

hﬁvL Enthalpy of evaporation

H = Energy term defined by Eq.(9)

k - Ratio of specific heats

K =~ Permeability defined by Eq.(38)

L - Heat pipe length

Heat pipe effective length for the heat
transport, 0.5(L +L )+L

- Coefficient in E§.(¥8) 2@

Mach number, V/c

= Coefficient in Eq.(18)

- Pressure

- Perimeter

Heat transfer rate per unit length

- Sonic limit heat transfer rate per unit length
= Heat transfer rate

- Gas constant

e = Reynolds number, wD(1~yi)/uA
Temperature

- Velocity

= Axial component of the injection velocity, Fig. 5
-~ Mass flow rate

= Axial coordinate along the heat pipe

- VIV

- P%rosity

- Viscosity

- Density

-~ Shear stress

=8
!
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Subscripts

Adiabatiec region of heat pipe
Condenser region of heat pipe
Evaporator region of heat pipe
Effective

Vapor injection or withdrawal
Pertains to the liquid phase

~ Stagnation condition at the evaporator inlet
= Porous metal surface

- Sonie condition

=~ Vapor

= Wall

)

1

m
i;

I <UTO@E~O®OWn
1

OVERVIEW OF HEAT PIPE APPLICATIONS FOR SPACE-BASED
SYSTEMS

Heat pipes are very useful heat transfer devices
for the design of space-based systems. They are used
for the thermal control of satellites and other
spacecrafts, to separate heat sources from heat sinks



as in the envisioned space power systems of the future,
for the heat flux transformation, ete. The specific
application determines the heat pipe's operating
temperature, working fluid, and material of its
construction, whereas the nature of the application
determines the heat pipe's detailed design
characteristies such as the internal liquid and vapor
flow geometry and external shape. The heat pipe
application temperatures may range from the liquid
helium temperature at a few degrees Kelvin (for
maintaining low temperatures of infrared detectors) to
a thousand or more degrees as in the cooling of rocket
combustion chambers and envisioned space nuclear
reactor cores.

Dobran [1] recently reviewed the heat pipe
technology for terestrial and space systems
applications and found that most of the current heat
pipe research and development efforts pertain to the
applications to space-based systems. The United States
is currently designing a space station and considering
various options for large space power systems and
future manned and unmanned missions [2-5]. The thermal
control of space station as illustrated in Fig. 1 [4]
will require the control of various modules. Its power
requirement may start at about 75 KW and expand to
about 300 KW which will require the dissipation of
large quantities of heat into space through the thermal
radiators. These radiators are envisioned to be
constructed from the modular heat pipe units and
assembled in space into the Space Constructible
Radiators (SCR) [6,7]. For the thermal control of the
space station's modules, the ammonia heat pipes are
preferable due to their high performance level from -50
to 100 C and compatibility with the lightweight
aluminum material. The dissipation of thermal energy
into space by the heat rejection system of the
photovoltaie and solar dynamic power modules of the
space station can be 125 KW for a net generation
capacity of 25 KW_ and an efficiency of conversion of
20%. To reduce the radiator area the heat pipes used in
these radiators should operate at higher temperatures
than those of the radiators for the thermal control of
space modules discussed above. At higher temperatures
the heat pipe's working fluid methanol becomes more
desirable than ammonia, but then it must be used with a
heat pipe material made of stainless steel owing to the
incompatibility of this fluid with aluminum.

The initial large capacity (about 300 KW ) space
power system is envisioned to be of a nuclear %ype [2]
Wwith a very compact design and its core operating at
about 1000 C [8,9]. Because if this requirement,
Merrigan et al. [10] discuss the typical heat transfer
conditions of a space nuclear reactor asz (1) 100-200
W/em™ radial power density, (2) 10 KW/cm~™ axial power
density, (3) 1long adiabatic seections to provide
separation between the nuclear core and conversion
system, and (4) an operation close to the material
limits. These researchers also note that for the
cooling of a space nuclear reactor high temperature
heat pipes with the working fluids potassium, sodium
and 1lithium offer several favorable characteristies
such as self-regulation and start-up, decay heat
removal after the reactor shut-down, and a high
reliability. The 1lithium heat pipe discussed in
Reference 10 was designed with the above performance
requirements in view.

The above heat pipe design requirements for
applications in the space-based nuclear reactors place
a limit on the current heat pipe technology, and the
heat pipes operating under these heat transfer rates

may be viewed as super heat pipes. Through research and
by the judicious optimization of the heat pipe design
parameters it is possible to design heat pipes beyond
the current limits. The objectives of this paper are:
(1) to discuss the heat pipes' heat transfer operating
limits and present current high performance heat pipe
designs where some of these limits have been eliminated
or suppressed, and (2) to present some considerations
towards the design of super heat pipes for optimal
vapor flow and boiling and wicking heat transfer
limits.

2. HEAT PIPE OPERATING LIMITS

The basic heat pipe configuration is illustarted
in Fig. 2. It consists of a container such as a pipe
whose interior wall is 1lined with a porous wick
structure saturated with a working fluid. Heat transfer
in the evaporator region of the heat pipe causes the
liquid in the wick to evaporate and flow into the
condenser zone where it is condensed. The return of
liquid from the condenser to the evaporator occurs due
to the capillary forces in the wick which create a
surface tension pressure difference required to
overcome the vapor and liquid pressure drops as well as
that due to gravitation or other externally imposed
body forces.

The thermohydrodynamic flow aspects in a heat pipe
determine, for a given geometry pipe and working fluid,
its heat transport limits. The depletion of liquid on
the surface of the evaporator produces a dryout
condition and may yield a burnout of the heat transfer
surface due to the large surface temperature of the
material wall. This burnout heat transfer or boiling
limit may also be reached if the amount of liquid in a
heat pipe is small or the capillary wick ceases to
supply properly the liquid from the condenser to the
evaporator. The capillary wick will function properly
if the liquid wets the surface of the porous wick
structure because the liquid will then be readily drawn
into and saturate the wick pores by the surface tension
force. Each porous wick structure is endowed with a
capillary heat flux 1limit where an effective liquid
supply (pumping) from the condenser to the evaporator
ceases. The difference in the shape of the effective
interface between the evaporator and condenser creates
an effective pressure gradient for liquid flow which
increases with small wick pores but at the expense of
the simultaneous increase in the 1liquid flow
resistance.

At high axial heat fluxes and in long heat pipes
the countercurrent flow of liquid and vapor produces an
instability of the liquid-vapor interface yielding the
liquid droplets entrainment from the liquid in the wick
into the vapor in the core or an entrainment heat flux
limit where any further increase in the vapor flow by
heat addition, for example, cannot sustain anymore an
increase in the liquid condensate flow. The decrease of
the liquid flow into the evaporator may, in this
situation, produce a burnout of the evaporator surface
and violent fluid oscillations if means exist (gravity,
for example) for the accumulated 1liquid in the
condenser to suddenly return into the evaporator.

When the design of a heat pipe overcomes the
liquid flow limitations, the vapor flow can produce
sonic and viscous flow limiting operations. The sonic
or choked flow heat transfer limit is produced under
the control of the inertia forces in the vapor. Heat
addition or mass injection in the evaporator
accelerates the vapor and can produce choking at the




evaporator exit where the Mach number reaches unity.
For this situation to occur, the downstream condenser
temperature must be sufficiently low and its further
decrease will not produce an increase in the heat flux
in the evaporator. Figure 3 illustrates the
experimental data of Kemme [11] taken in a sodium heat
pipe with no adiabatic region. Curve A in this figure
corresponds to the subsonic flow in the evaporator and
condenser, whereas the curve B corresponds to the sonic
flow condition at the evaporator exit. Curves C and D
correspond to the situation of a supersonic flow in the
condenser region close to the evaporator and vapor flow
deceleration through shocks. The mass withdrawal in the
condenser has the tendency to produce large
nonuniformities in the flow properties in the radial
direction and may yield flow reversals. For this
reason, the shock regions in the condenser are poorly
defined (see Fig. 3). Near the working fluid's freezing
point the vapor density is low and a heat pipe is more
prone to choking than at higher temperatures. Fluids
such as sodium and lithium have low vapor densities and
are, therefore, more influenced by the sonic heat flux
limit than other high vapor density fluids.

When the inertia and viscous forces of the vapor
are of the same order of magnitude, the choking occurs
at the condenser inlet, since the subsonic flow in the
adiabatic region with friction can only produce a Mach
number increase [12,13]. With negligible inertia
forces, however, choking does not occur [14]. The heat
flux increases steadily with decreasing pressure at the
evaporator exit and becomes limited by a zero vapor
pressure. This heat transfer 1limit is called the
viscous limit.

The operation of a heat pipe close to the working
fluid's thermodynamic critical point can be very
erratic with small changes in the heat flux or
temperature boundary conditions at the evaporator and
condenser surfaces owing to the large gradients of
thermodynamic properties close to this point [15]. The
gravitational effects or artificially created gravity
in space due to the centrifugal, electrostatic or
electromagnetic forces may produce limiting heat pipe
operations too, since these forces may impede the
liquid and vapor flow. High density fluids, such as
water, methanol, mercury and cesium, are sensitive to
the gravitational effects, whereas the low density
fluids such as sodium and 1lithium are much less
sensitive and may not severely impede the heat pipe
operation in an adverse gravitational or force field.

The noncondensable gas in a heat pipe can be used
to accurately control the temperature or device of a
space-based system. These Variable Conductance Heat
Pipes (VCHP) are often used in satellites and with the
noncondensable gas of a lower molecular weight than
that of the working fluid's vapor [16] in order to keep
the gas in the condenser region. However, the
distribution of the noncondensable gas in the condenser
depends on the diffusion, econvective mixing and
buoyancy between the gas and vapor [17,18]. For
low-to-moderate heat loads in VCHP's, the condensation
front may occur in the near-to-mid section of the
condenser with the heat pipe heat transfer performance
depending on the heat losses from adiabatic and
condenser regions. In these situations the role of heat
losses must be recognized in the analysis as shown by
Bobeco [16].

Of particular importance in the design of
space-based systems using heat pipes is the recognition
and the understanding of the heat pipe's transient

behavior, owing to the fact that a heat pipe during the
power-up, transient loading and shut-down must pass
through the transient states. The transient heat pipe
response is dictated by the thermal capacity of the
heat pipe schell, capillary structure and working
fluid, on the liquid and vapor flow characteristics,
and on the heat flux distribution in the evaporator and
condenser. Colwell and Chang [15] studied the transient
response of a F=11 heat pipe and classified the
transient heat pipe operation into four modes: (1) the
heat transfer is modest and the heat pipe smoothly and
easily (in seconds) accomodates the changes on the heat
transfer surfaces with the capillaries being fully
wetted; (2) the heat transfer is such that a portion of
the capillary structure in the evaporator dries and
large temperature variations occur, but the heat pipe
nevertheless reaches a steady state operation after a
certain time; (3) the heat pipe fails completely as a
result of the excessive heat transfer rates; and (4) a
start-up from the thermodynamic supercritical state (as
in the cryogenic heat pipes) which requires at first
bringing the working fluid into a two-phase mixture
region, or a start-up from the frozen fluid state where
the working fluid must first be melted and vaporized to
start the normal heat pipe operation. Heat pipes with
high vapor density fluids when started from room
temperature attain a uniform start~up rate because of
the establishment of fast working fluid eirculation.
When the vapor densities of working fluids are low and
the temperature of the medium surrounding the heat pipe
is also low, such that the molecular free path of the
vapor exceeds the vapor channel diameter, the start-up
becomes frontal [19] and the heat transfer close to the
evaporator end will be primarily determined by
convection and close to the condenser end by
conduction, with the two separating zones possessing a
frontal region. A more detailed description of the
recent heat pipe transient research efforts is
described by Dobran [1] and the reader is referred to
this reference for further details and references.

3. HIGH PERFORMANCE HEAT PIPE DESIGN CONSIDERATIONS

3.1 Definition of a Super Heat Pipe

A super heat pipe can be defined as a heat pipe

that can transfer an optimum heat transfer rate. This

optimum heat transfer rate is determined:

(1) By the application (temperature range and control
requirements, heat transfer rate, heat flux
transformation, environmental conditions, space or
geometric constraints in a space-based system, ete).

(2) By the working fluid (safety considerations,
compatibility with the heat pipe material, ete.)

(3) By the heat pipe's external and internal geometry
(external evaporator and condenser characteristies;
characteristics of the wick or internal porous surface
structures in evaporator and condenser such as porosity
and particle size distribution; shapes of the liquid,
if any, and vapor flow channels; design of capillaries
to redistribute the 1liquid in the evaporator for
efficient evaporation and in the condenser for the
efficient vapor condensation; vapor injection
characteristics in the evaporator such as predominantly
parallel-to-the-main~flow direction or perpendicular to
it; the degree of intentionally created supersaturation
of the vapor; ete.).

A super heat pipe operates, therefore, close to
its heat transfer 1limits, most of which have been




eliminated or suppressed through a judicious design
optimization-

3.2 Current High Performance Heat Pipe Designs

Table 1 summarizes the current high heat transfer
performance heat pipe designs and test results [1]. All
of these heat pipes have been designed to eliminate or
suppress one or more of the heat transfer limits
discussed above. As will be seen in the following
sections, however, there is much room left for further
performance improvements.

The monogroove heat pipe shown in Table 1 and Fig.
4a was developed by Grumman [20]. It contains separate
axial channels for the liquid and vapor flow. The slot
separating the two channels serves the purpose of
creating a high capillary pressure difference, whereas
the circumferential grooves in the vapor channel serve
the purpose of distributing the liquid flowing through
the slot. The heat pipe dimensions given in the table
were optimized for heat transfer with ammonia and
applications to thermal radiators of the space station.
The two-channel design provides a considerable
separation between the liquid and vapor flows and for
the most part eliminates the flooding or countercurrent
flow limiting operation. The 1liquid viscous pressure
drop is also minimal because the liquid flows through a
channel without obstructions as opposed to the flow in
a wick in conventional heat pipe designs (see Fig. 2).
The circumferential grooves in the vapor channel not
only provide an effective liquid distribution, but also
maximize the heat transfer area for the evaporation of
liquid. The heat transfer to and from the heat pipe
occurs through the radiator fin attached to the vapor
channel (Fig. 4a) and the liquid boiling in the liquid
channel is suppressed.

The presence of a noncondensable gas or vapor in
the liquid channel of a monogroove heat pipe may lead
to the heat pipe depriming and loss of performance. The
tapered artery heat pipe shown in Fig. U4b is designed
to suppress this problem because of the provision for
automatic bubble or gas venting from the liquid channel
by means of the tapered shape of the channel [21]. The
trapezoidally axially grooved heat pipe in Table 1 was
designed to provide self priming capability in 1-g and
minimum susceptibility to the boiling heat flux limit
[22]. The dual slot heat pipe [23] shown in the table
consists of a flat baffle that separates the vapor
channel from the liquid channel. The ecircumferential
grooves, machined on the inside of the circular tube,
provide for the capillary wicking action to transport
the working fluid in the evaporator from the 1liquid
channel to the vapor channel by means of the surface
tension force. In the condenser section the
circumferential grooves provide a path for the
condensate to flow from the vapor to the 1liquid
channel. The meniscus between the two slots formed
where the baffle touches the inner wall of the tube
sustains the pumping pressure differential.

The double wall artery heat pipe [24] illustrated
in Table 1 and Fig. U4c consists of a composite wick
geometry where the liquid and vapor flow paths have
been separated and high radial heat transfer rates
achieved through the careful design of the liquid
arteries close to the pipe wall. This heat pipe
consists of a concentric tube arrangement with the
inner tube externally grooved for the liquid transport
and slotted to allow for the vapor venting. The
evaporator section also includes a screen between the
inner surface of the outer pipe and outer grooved

surface of the inner slotted pipe for the purpose of
maximizing heat transfer and self-priming capability.

Merrigan et al. [10] developed a dual pair artery
liquid metal heat pipe as shown in Fig. 4d for the
operation with lithium at about 1200 C. As shown in
Table 1, this heat pipe achieved an axial power gensity
of 19 KW/em™ and radial heat fluxes of 150 W/em™, with
more than 100 hours of continuous operation without the
degradation of performance. Other high temperature
liquid metal heat pipes are discussed in [1,25]. These
include the niobium-zirconium heat pipes for use with
sodium and lithium from 1000 to 1200 C and nickel-iron
heat pipes for use with sodium or potassium from 400 to
800 C. Some of the wick structures developed at
Thermacore [25] include: sintered powder metal tunnel
arteries (Fig. U4e), and sintered axial grooves and
flexible arteries [26]. The sintered metal wick
structures provide a superior heat transfer ferformance
to other wick designs due to the direct bonding of wick
to the heat transfer surface which reduces the thermal
resistance to heat transfer. The molybdenum/lithium
heat pipe in Fig. le operated at 1900 C transfering 6
KW against gravity at an axial power density of %3.6
KW/em™ and at a radial power density of 150 W/em™ -
apparently the  highest demonstrated heat pipe
performance level [25].

3.3 Heat Pipe Design Considerations for Optimal Vapor
Flow

The vapor flow thermochydrodynamics in a heat pipe
determines the sonic heat transfer limit. In this
section further considerations will be given to this
important 1limit by discussing methods for its
suppression. The heat transfer limitations associated
with the boiling and wicking limits will be discussed
in the subsequent sections.

For the purpose of determining the first order
effects of vapor flow in a heat pipe, use will be made
of the one-dimensional and steady state compressible
flow analysis. Figure 5 illustrates the vapor core
region and defines the flow variables and a control
volume that will be used to derive a set of equations
for the analysis. For simplicity, and with a good
approximation, the vapor will be assumed to obey a
perfect gas equation of state, i.e.

The speed of sound is thus

}1/2 (2)

¢ = (KRT
and the Mach number is defined as
M= V/e (3)

The conservation of mass at an axial position x of the
heat pipe is

W= pVA (4)
dw = EQ— dx (5)
Ly

where dw is positive for the injected mass in the
evaporator and negative for the withdrawn mass in the
condenser, and q is the heat flux rate per unit length
of evaporator (positive) or condenser (negative) and
represents the heat transfer capability of the working
fluid.



Applying the first law of thermodynamics to the
control volume in Fig. 5 yields

2
v 1,,2 .2, 1dw
dQ = dh + d{:z_'] + [h—h1+2(‘\f vi)] - (6)
where the potential energy terms have been neglected.
For an ideal gas, the enthalpy is given as
dh = CpdT (7

so that when substituted into Eq.(6) and use made of
Eq.(2) we obtain

2

dordH _ dT |, k=1 2dv (8)
CpT T 2 2

v

where
11,2 .2
a2 Rye o) (9
CpT W

represents the effect of injection or nonequilibrium
between the liquid-vapor interface and mean vapor core
parameters.

The momentum equation gives
- AdP - 7 P dx + gpAdx = d(wv) - Uy dw (10)

where

et
[
<|.=

(QRD]

represents the directional effect of the injected or
withdrawn mass (see Fig. 5). Using the definition of
the friction factor and hydraulic diameter, i.e.

f = T‘EE , D= gﬁ— (12)
EpV er

the momentum Eq.(10) can be written as follows

2 2 2
dP kKM~ dv KM dx 2 .dx 2 dw
5 * = -;E ¥ = NfD M gk\I|r2 + kM™(1 Yi) w =0

(13)
where use is made of Egs.(1) and (3).

From the definition of stagnation temperature,
speed of sound, and Mach number we have

2
v k=1, 2
T, =T+ 5p = T[1+-37M ) (14)

s0 that Eq.(8) can also be written as

dT
dQ+dH k=1 0
G = (1452 (15)

Equations (1)-(4) and (13)-(15) give 7 equations

with 11 variables P, p, T e, M, V, To, w, A,
(dQ+dH)/CpT, and
dx dx dw
== - = - oy &
% D zgva ¥y W

where four may be choosen as independent. Choosing the

last four in this list as independent variables it is
then possible to manipulate the above equations and
solve for the remaining seven dependent variables. For
example, the solutions for the Mach number and pressure
distributions are

20, k=12
gﬂf - 1+KH2 dQrdH Ay 2 ][ufg5 - 2gg§ -2y gﬂ]
e PR 2 D v iw

2(1na?) (1HEIE) (145 02) N
+ = - = (16)
1-M2 " 1= A
P ng dQ+dH _ kM2[1+(k-1)M2][ufg5 - 2g%% oy d¥)
F 1-M2 cpT 2(1-M2) b v i
2., k=12
KM (14M) 0 P
H Pamte Sy By an
1-M 1~M

Equations (16) and (17) are similar to the results
of Ref. 12 (chapter 8) where the influence coefficients
multiply the independent variables. In these equations
dw can be replaced by the evaporation or condensation
heat flux (Eq.(5)) and the friction coefficient by

£ = mRe " (18)
D(V-Vi)D p wD(1—yi)
u uA

Re =

(19)

where the coefficients m and n depend on whether the
flow is laminar or turbulent and with or without the
mass injection or withdrawal. For the vapor flow in the
adiabatic region of a heat pipe, yi-o and m and n may
be taken as
m= 16, n=1; laminar flow (Re < 2000)

(20)
m = 0.079, n = 0.25 ; turbulent flow (Re 2 2000)
The velocity profile of a laminar incompressible flow
in the evaporator has a cosine rather than a parabolic
distribution [14,27] with

m=212, n=1 (21)

In the condenser with high heat transfer rates it is
dangerous to use the above analysis and laminar flow
expressions for the friction factor owing to the
possibility of flow reversals (secondary flow) in this
region as discussed previously. High heat fluxes
produce high radial Reynolds numbers of the vapor in
the evaporator and condenser and yield a turbulent flow
in cylindrical condensers even if the axial Reynolds
number is below 2000 [28].

Equations (16) and (17) can be used to study the
effects of the external heat transfer, Q, vapor
injection and suction, y., the degree of vapor
nonequilibrium, h-h., gravity, g, and vapor flow area,
A, on the limltingiheat transfer rates in heat pipes.
Thus Levy [29] neglected the frictional effects, area
change, gravitational effect, and assumed that dQ+dH=0
and yino. From Eq. (16) it then follows that

271, k=1
o’ 2(1+kM°) (14542) ~

i 1-12 v

(22)



and upon combining with Egq.(5) it can be integrated
from M(x=0)=0 and w(x=0)=0 to M(x=L_)=1 and
w(x=L )=qL /h to obtain an expression® for the
commogly u%il%%ed sonic heat flux limit qs, i.e.

pocohﬂ.vA

qL_ = —————s (23)
8 e {2(k+1)]1!2

where p_ and c¢_ are the (stagnation) density and speed
of souﬁ% at the evaporator inlet. When an account is
also taken of the frictional effects in the above
analysis and choking assumed at the condenser inlet, it
was found numerically [13] that the computed heat
transfer 1limits agree better with data than the
predictions using Eq.(23).

To investigate the more general solution of
Eq.(16) we may take dQ+dH=0, g=0, and assume that the
flow is laminar. Thus

(1) Evaporator or Condenser Regions

2

S R - = av = [1+aM2)% - d—‘: (24)
Me(2+(k=1)M")
where
2mkuAh
a = k(!-yi) + -‘———£§~ (25)
(1-y,)0"q
(11) Adiabatic Region
1-M° 2 2 dA
S 5TdM” = bModx ~ = (26)
M(2+(k-1)M%)
where
2mkuAh
b= — Ly (27)
DqL
-]

Moreover, by taking A=constant and y,=constant, the
solutions of Egs.(24) and (26) between any two regions
1 and 2 are given by

(i) Evaporator and Condenser Regions

1+a
M, 1+5-1M2) 1/2 1+5—1M2) 1+4aM° T+2a-K w
2 1 2 2 1 2
i ( ) ( 1 > ) - (28)
1 k=172 k=1,2 1+aM 1
1+ > M2 1+TM1 2
(ii) Adiabatic Region
11 1 My 14550 (ko)
3 5-5) w5 —=5) = blx,x,)  (29)
w2 M2 M k-1,2 e
1 2 2 1+55-M)

In particular, the solution represented by Eq.(23) is a
special case of the solution expressed by Eq.(28). This
may be proved by taking in the latter equation y,=0,
p=0 (a=k), w1=p]c‘M1A, M1(x-0)=0, Ma(x=Le)=1, and
Ww,=qL /h, .

2 e v

The more useful forms of Eqs.(28) and (29) are
obtained by solving these equations for the maximum
heat transfer rate q which occurs when the flow chokes
at the exit of the adiabatic region of a heat pipe.

Setting in Eq.(28) w,=p,c,M,A, M, (x=0)=0, w,=qL /h
and M,=M_ (exit of the' evaporatdr), and irf EqS(29)
My (=L )Mg, M, (x=L +L )=1 and x,~x,=L_, we obtain the
following results

1+a
aL M 148502 Tiak
e e 2 e
= 172 2 (30)
hEVDOCQA [1+k‘1M2] 1*6”6
2 e
11 k+1 “ﬁ (k+1) 74
s (5~ 1) + (% —=—) = bL (31)
2 2 2 a
M k=12
e 1+—M
2 e

and after normalizing by the sonic heat flux limit q

(Eq.(23)), it follows that s
12 1eELR Ty
9.y (2D ) (—2¢) (32)
q e 2
] [1+521M2] 1+aMe
2 e
ME  (k+1) /b L5
=) e (gt —=) - k(2)(2)
q
He 1+E:1M2 €
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e u__y_e w1y117/2
c zm[pOCOD]D (2(k+1)) (3W)
a=k[(1- )+~JL-[E§]] (35)
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In particular, when L _=0 and Me=1 (choking at the
evaporator exit), Eq.(3é5 is reducéd to the form

Ava
a K+1 1+2a~k
a; = st <2

Equations (32) and (33) can now be solved for q/q_ in
terms of the independent parameters C,k, L_/L_ and y,,
or since u, p, c_ and k can be evalugtes at tﬁe
saturation temperature at the evaporator inlet, the
independent variables may also be taken as T , D,
L./D, L_/L_and y,. sat
a a e i

Figures 6 and 7 illustrate the predicted heat
transfer rates with the sonic flow at the evaporator
and adiabatic section exits, respectively, and a
comparison with the sodium, potassium, and cesium data
[11,13,30,31]. The analytical results in these figures
were generated by assuming that y.=0 (normal-to-the-
main-flow vapor injection in the ev%porator) and using
the perfect gas equation of state for the calculation
of density and speed of sound at the saturation
temperature at the evaporator inlet. As can be seen
from these figures, the inclusion of frictional effects
into the model produces a superior comparison of
analysis with data and reduces axial heat transport
capacities of heat pipes. At high temperatures, some
sodium data [30,31] show a deviation from the sonic
heat transfer limit behavior and may be associated with
attainment of the wicking heat flux limits in heat
pipes as discussed earlier. At lower temperatures, the
heat pipe performance becomes sensitive on the
frictional effects, and the axial heat transfer
capacity can be considerably reduced as illustrated in



Fig. 7 which shows a good comparison of analysis with
data with a finite length of the adiabatic region.

The effects of the vapor diameter D, evaporator
length to diameter ratio, L /D, and adiabatic length to
the evaporator length ratig, L /L_, on the sonic heat
flux limits for lithium, sodium, and cesium is
illustrated in Fig. 8. At constant D, an increase of
the evaporator and adiabatic lengths has the effect of
reducing heat pipe's axial heat transport capacity;
this reduction is considerable for long heat pipes and
at lower temperatures where the frictional effects
become more important. With the temperature and
evaporator and adiabatic lengths fixed, a heat pipe
with a larger vapor flow area can transport larger
axial heat fluxes for all fluids in Fig. 8. The axial
heat transport capacities of Li are also more sensitive
to the frictional effects (and, therefore, on L _ and
LeJ than those of Na, K and Cs. a

Figure 9 shows the effect of the
non-normal-to-the-main-flow vapor injection in the
evaporator (y.>0). Large values of y, are seen to
produce a considerable decrease of the Sonic heat flux
limits for Li and Na at lower temperatures and a slight
increase beyond the frictionless sonic heat flux limit
at very high temperatures. The physical explanation of
these results is that at lower temperatures the
frictional effects are important, whereas at high
temperatures the inertial effects dominate and require
higher axial heat fluxes for y,>0 than for yiHO for the
attainment of a sonic limit (aée Eq.(24)).

Equation (24) also shows than an area increase for
the vapor flow in the evaporator and adiabatic regions
of a heat pipe can produce larger sonic heat flux
limits than in a uniform area pipe. This implies that
heat pipes with long evaporator and adiabatic sections
may require nonuniform cross-sectional areas for vapor
flow (dA/dx>0) in order to compensate for the reduction
of sonic heat flux 1limits brought about by the
frietional effects. For applications to space-based
systems, a super heat pipe system may be envisioned
with a heat source supplying heat to variable
cross-sectional areas of the evaporators of heat pipes
which in turn transfer this heat to the power
conversion system which may be removed by a
considerable distance from the power source.

3.4 Heat Pipe Design Considerations for Optimal Boiling
Limits

Very large heat transfer rates in heat pipes are
limited by the boiling heat flux limit. This limit can
be suppressed, but not eliminated, through the
Judicious design of the evaporator heat transfer
surfaces., As discussed in section 3.2, the current high
performance heat pipes are designed with sintered metal
powder surfaces where porous metal structures are
bonded to the inside walls of evaporators.

High performance heat transfer surfaces for
applications to heat pipes are characterized by the
nucleate boiling heat fluxes. These fluxes may may
achieved through: (1) "structured" surfaces having
reentrant  groove~type cavities, and (2) porous
coatings. Webb [32,33] surveyed the evolution of both
types of these surfaces for the nucleate boiling heat
transfer performance and came with the following
conclusions:

(i) The cavity geometry is important in two ways: the
mouth diameter determines the superheat needed to

initiate ©boiling, and its shape determines its

stability once boiling has begun.

(ii) The cavity should be reentrant with its internal
shape not being important. The 1liquid superheat
required to maintain a vapor nucleus is inversely
proportional to its radius of curvature which in a
reentrant cavity can be negative in the presence of a
subcooled liquid.

(iii) The manufacturing of discrete wall cavities is
difficult and the commercially feasible concepts should
strive towards the production of high-area density
nucleation sites.

(iv) The reentrant cavities can be manufactured through
etching, electroplating, piercing the three-dimensional
cover sheets, attaching wire or sereen promoters, use
of nonwetting coatings, porous metal or fiber coatings,
production of integral roughness (nucleation sites
interconnected below the surface with tunnels and
reentrant configurations), etc.

The sintered metal powder and fiber surfaces not
only provide large nucleate boiling heat fluxes but
also high capillary pressure rises due to small pore
sizes, The most significant characteristics of a porous
matrix are the average pore size radius and porosity
[32]. Larger pore sizes can be used with high surface
tension and high thermal conductivity fluids, whereas
small pore sizes should be used with low surface
tension and low thermal conductivity fluids such as
fluorocarbon refrigerants. The heat transfer
performance of a porous surface appears to be optimal
with coating thicknesses in the neighborhood of four
particle diamters, at least for copper spherical
particles from 100 to 500 um with R-113 boiling [33].

The key factors attributed to the high heat
transport performance of porous and reentrant grooved
structures are: (1) a pore or reentrant cavity within a
critical size range, (2) interconnected cavities, and
(3) nucleation sites of a reentrant type. The
interconnection of cavities provides for the activation
of adjacent cavities during boiling, and a porous
structure allows for large vaporization rates on
presumably very thin liquid films within the subsurface
structure. It is not possible, however, for a stable
vapor bubble or boiling to exist within a cavity whose
surfaces are wetted by a thin liquid film, since the
vapor and liquid can only coexist with a finite liquid
contact angle, or the cavity will be filled with
liquid. For this reason, a "static" boiling model of
O'Neil [34], which assumes the existence of a stable
film surrounding the bubble, is difficult to Jjustify,
although it gives reasonably accurate values of the
maximum boiling fluxes [32]. The determination of
boiling heat flux limits in porous structures should
involve a "dynamic" model which accounts for two-phase
flow in the capillary channels.

3.5 Heat Pipe Design Consideration for Optimal Wicking
Heat Flux Limit

The wicking heat flux limits in heat pipes are
associated with the liquid pumping capacities in the
wick structures. Using the Darcy's law for the laminar
and one-dimensional flow in porous media, the pressure
change of liquid from the condenser exit (x=L +L +L
to the evaporator inlet (x=0) (see Fig. 2) is

Ha¥y,
4P, = pglcos$ + F’—_g“px Lopr (37
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where A iIs the total flow cross-sectional of the
porous dium, gcos¢ is the component of gravity in the
direction of flow, L is the effective length for
heat transfer, and K §5' the permeability of the medium
which may be modeled by a constitutive equation due to
Carman [35], i.e.
€2d2
K = .__..2..E (38)
180(1-¢)

From the above equations it may be seen than small
size particles and porosities of a porous material
yield small permeabilities and require large pressure
drops for liquid to flow through the porous structures.
Since the capillary pressure rise (which is inversely
proportional to the average pore diameter) must exceed
the pressure losses in the liquid, in the wvapor, and
those due to gravity for a reliable heat pipe
operation, it is clear that the porous material may
limit the heat pipe's heat transfer capacity. The
maximum liquid pumping occurs when the liquid wets the
evaporator wick perfectly and the meniscus radius is
equal to the radius of the average pore size. A heat
transfer rate to the evaporator causing the liquid to
retreat into the wick and evaporator to dry out
produces the boiling heat flux limiting operation as
discussed above.

To avoid the wicking limit in heat pipes, high
performance heat pipes are designed with the liquid
flowing from condenser to evaporator in separate
channels and not through a porous structure (see Table
1 and Fig. 4), for then the liquid pressure drop is
reduced permitting larger liquid flow rates which can
transfer larger heat fluxes. In long heat pipes the
pressure drop in the liquid channels must be reduced
through additional design considerations, such as by
distributing the liquid to flow in parallel channels or
using the environmental characteristics of a
space—~based system (artificial gravity and solar energy
for pumping, ete.).

4, SUMMARY AND CONCLUSIONS

The current designs of space-based systems use
heat pipes for variety of tasks, ranging from the
thermal control of satellites and space station to the
removal of heat in the future space nuclear reactor
operating at high temperatures. These applications
require a reliable and efficient heat pipe design over
a large range of the system and environmental
conditions. For these reasons, the heat pipe design has
strived toward the development of super heat pipes
which transfer optimum heat transfer rates without
exceeding the heat transfer operating limits. Many of
these 1limits may be suppressed and some may be
eliminated through a judicious optimization of heat
pipe geometry and selection of working fluids.

In the paper a definition of a super heat pipe is
given and some considerations given for the design of
high temperature heat pipes where the sonic flow and
frictional effects can severely limit the axial heat
transport capacities. The heat pipe design
considerations for the optimal boiling and wicking
limits were also considered. The porous metal
structures and rentrant cavities on the evaporator heat
transfer surface can support very large nucleate
boiling fluxes and large capillary pressure rises
allowing large mass flow rates and heat transfers,
provided that the 1liquid is made to flow from the

condenser to the evaporator through separate liquid
channels which minimize pressure drops.
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Table 1. High performance heat pipe concepts

Wick design

Performance Specification

Monogroove
(Al extrusion)

NH, tests: at 21°C
é =4, 6m
-f3 4mm, D,=6.32mm
S ot gap wid%h-ﬂ 254mm
=3, 330 W-m (max. no tilt)

! ?gfu W/cm?
Developer. Grumman

Tapered Artery
(Al extrusion)

NH, tests: see table 2 also
E =5.45m
-TZ 2mm, E-6.35mm

S ot gap width=0,254mm
} -5 220 W-m (max. no tilt)
Q =f g W/cm
Developer Lockheed
Trapezoidal

Axial'y Grooved

(A1i::::::::::)

tests: 20-=70°C
Eerr~2 97m, Do=41mm, 32 grooves
Groove width: 0,13-0.8mm
Groove depth 4.0-4, 4mm
Q L 080 W-m (3mm adv.tilt)
Qr- g w/c
Developer: 0AO Corporation

Dual Slot

Methanol analysis: 120°C
Leff=4m, D =25, 4mm
=18,000 W-m (max. no tilt)
Ska n{eas steel
Developer: Grumman

Double Wall
Artery (Copper)

Hater tests: 100°C
1.72m,
-52 2mm, D =12,7mm

Qi #*2,100"W-n (max. no tilt
ang ?66°E)
Q =16 W/em
Developer: Wright Aeronautical

Laboratories

Dual Pair Artery
Liquid Metal
(Molybdenum alloy)

Lithlum tests: 1230°C
=1,6m
Orfs S8mm, D =14,2mm
1.5mm artery diameter
hOO mesh screen
=48, 0 0 W-m
0 =f g& Hﬁum
Deve]oper Los Alamos National
Laboratory
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friction, with data
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Fig. 7 Comparison of analytic results, with choking
at the adiabatic section exit and with and
without friction, with data
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Fig., 8 The effect of vapor diameter, evaporator and
adiabatic lengths on the sonic heat flux limits
for Li, Na and Cs
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Fig. 9 The effect of y; on the sonic heat flux
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