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The design of high-performance heat pipes requires optimization of heat transfer
surfaces and liguid and vapor flow channels to suppress the heat transfer operating
limits. In the paper an analytical model of the vapor flow in high-temperature heat
pipes is presented, showing that the axial heat transport capacity limited by the sonic

heat transfer limit depends on the working fluid, vapor flow area, manner of liquid
evaporation into the vapor core of the evaporator, and lengths of the evaporator
and adiabatic regions. Limited comparisons of the model predictions with data of
the sonic heat transfer limits are shown to be very reasonable, giving credibility to
the proposed analytical approach to determine the effect of various parameters on
the axial heat transport capacity. Large axial heat transfer rates can be achieved with
large vapor flow cross-sectional areas, small lengths of evaporator and adiabatic
regions or a vapor flow area increase in these regions, and liquid evaporation in the
evaporator normal to the main flow.

1 Introduction

Heat pipes are very useful heat transfer devices in terrestrial
and space-based systems. The specific application determines
the heat pipe’s operating temperature, working fluid, and
material of construction, whereas the nature of the application
determines the heat pipe’s detailed design characteristics such
as the internal liquid and vapor flow geometry and external
shape. The heat pipe application temperatures may range
from the ligquid 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 combus-
tion chambers and envisioned space nuclear reactors.

Dobran (1987a) reviewed the heat pipe technology for ter-
restrial 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 (Vanlandingham,
1986; Barthelemy et al., 1986; Desanctis et al., 1986; Sadunas
and Lehtinen, 1985). High-temperature heat pipes are envi-
sioned to be used in the space nuclear reactor of about 300
kW, (Vanlandingham, 1986) with a very compact design and
its core operating at about 1000°C (Merrigan et al., 1984;
Merrigan, 1986). Because of this requirement, Merrigan et al.
(1983) discuss the typical heat transfer conditions of a space
nuclear reactor as: (1) 100-200 W/cm? radial power density,
(2) 10 kW/cm? axial power density, (3) long adiabatic sections
to provide separation between the nuclear core and conversion
system, and (4) an operation close to the material limits. To
cool such a nuclear reactor use can be made of high-
temperature heat pipes with the working fluids potassium,
sodium, or lithium, since they offer several favorable
characteristics (self-regulation and startup, decay heat
removal after reactor shutdown, and a high reliability), pro-
vided also that many operating limits, such as the sonic heat
transfer limit, can be suppressed or eliminated.

The basic heat pipe configuration is illustrated in Fig. 1. It
consists of a container such as a pipe whose interior wall is
lined with a porous wick structure saturated with a working
fluid. Heat transfer in the evaporator region of the heat pipe
causes the liguid 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
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capillary forces in the wick that create a surface tension
pressure difference required to overcome the vapor and liquid
pressure drops, including that due to gravitation or other ex-
ternally imposed body forces. For a given geometry pipe and
working fluid, the thermohydrodynamic flow aspects in a heat
pipe determine its heat transport limits (Dobran, 1987a). The
depletion of liquid on the surface of the evaporator produces
the boiling heat transfer limit, whereas the porous wick struc-
ture is endowed with the capillary heat transfer limit where an
effective liquid supply (pumping) from the condenser to the
evaporator ceases. At high axial heat fluxes and in long heat
pipes, the countercurrent flow of liquid and vapor produces
the entrainment heat transfer limit where any further increase
in the vapor flow by heat addition, for example, cannot sus-
tain any more increase in the liquid condensate flow. 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 inertial 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, if the downstream con-
denser temperature is sufficiently low, as may occur during the
startup of a heat pipe. Figure 2 illlustrates the experimental
data of Kemme (1969) 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 curve
B corresponds to the sonic flow condition at the evaporator
exit. Curves C and D correspond to the situations of super-
sonic 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 nonunifor-
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Fig. 1 Basic heat pipe configuration
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Fig. 2 Temperature distribution in a sodium heat pipe (Kemme, 1968)
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mities in flow properties in the radial direction and may yield
flow reversals (Busse, 1986). For this reason, the shock regions
in the condenser are poorly defined (see Fig. 2). 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 transfer limit than other high-vapor-density fluids.
A heat pipe operation beyond the sonic heat transfer limit will
produce an operation at a higher temperature that may
adversely affect the performance of the device transferring the
heat to the heat pipe and possibly destroy the heat transfer sur-
faces. For this reason, a high-temperature heat pipe should
not be operated beyond the design temperature and sonic heat
transfer limit. When the inertia and viscous forces of vapor
are of the same order of magnitude, choking occurs at the con-
denser inlet, since the subsonic flow in an adiabatic region
with friction can only produce a Mach number increase
(Shapiro, 1953; Levy and Chou, 1973). With negligible inertia
forces, however, choking does not occur (Busse, 1973); the
heat transfer increases steadily with decreasing pressure at the
evaporator exit and becomes limited by the zero vapor
pressure or the viscous heat transfer limit.

The objective of this paper is to present an analytical model
that may be used to determine the effects of working fluid,
vapor flow area, lengths of evaporator and adiabatic regions,
and the manner of liquid evaporation into the vapor core of
the evaporator on the sonic heat transfer limit in high-
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Fig. 3 Definition of the vapor flow variables and control voiume for
compressible flow analysis

temperature heat pipes. The presented analysis is an extension
of previous works (Levy, 1968; Levy and Chou, 1973), which
did not systematically and analytically investigate the effects
of most of the parameters noted above on the sonic limit heat
transfer of high-temperature heat pipes. The methods of sup-
pression of the boiling and wicking heat transfer limits in heat
pipes have been discussed by Dobran (1987b).

2 Analysis of the Vapor Flow

The vapor flow thermohydrodynamics in a heat pipe deter-
mines the sonic heat transfer limit. For the purpose of deter-
mining the first-order effects of vapor flow in a heat pipe, use
will be made of one-dimensional, steady-state compressible
flow analysis. Figure 3 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 simplici-
ty, and with a good approximation, the vapor will be assumed
to obey a perfect gas equation of state, i.e.

P=pRT 1)
The speed of sound is thus
¢= (kRT)'? )
and the Mach number is defined as
M=V/c 3)

The conservation of mass and liquid-vapor interface energy
balance at an axial position x of the heat pipe give

w=pVA 4)
dw= -1 ax )
hlv

where dw is positive for the injected mass in the evaporator

Nomenclature
a = factor defined by equation
(35) ' L = heat pipe length x = axial coordinate along the heat
A = flow cross-sectional area m = coefficient in equation (18) pipe
b = factor defined by equation M = Mach number = V/c ¥y = VIV
(1)) n = coefficient in equation (18) li - vilscosity
¢ = speed of sound defined by P = pressure o = density
equation (2) ) P, = perimeter 7 = shear stress
C = factor defined by equation g = heat transfer rate per unit
(34) length Subscripts
Cp = specific heat at constant g, = sonic limit heat transfer rate a = adiabatic region of heat pipe
pressure per unit length ¢ = condenser region of heat pipe
D = hydraulic diameter Q = heat transfer rate e = evaporator region of heat pipe
f = friction coefficient defined by R = gas constant eff = effective
equation (12) . Re = Reynolds number I = vapor injection or withdrawal
g = body force per unit mass =wD(1—y;)/nA ! = pertains to the liquid phase
h = enthalpy ) T = temperature 0o = stagnation condition at the
h;, = enthalpy of evaporation V = velocity evaporator inlet
H = energy term defined by equa- V! = axial component of injection s = sonic condition
tion (9) velocity, Fig. 3 v = vapor
k = ratio of specific heats w = mass flow rate w = wall
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and negative for the withdrawn mass in the condenser, and g is
the heat transfer 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. 3 yields

d |12 1 d
49 =dh+d<——> + [h—h,.+ (- V,Z)]—W ©)
w 2 2 w

where the potential energy terms have been neglected. For an
ideal gas, the enthalpy is given as

dh=CpdT 0)

so that substituting into equation (6) and using equation (2) we
obtain

dQ+dH  dT k-1 ., dV
prT—T+2MV2 ®)
where
1
dH:—(h—h,.+ — (7 V?))dw ©)

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

—AdP—71,P,dx+ gpAdx=d(wV) - Vy.dw (10)
where
Vi
= 11
Yi= 1n

represents the directional effect of the injected or withdrawn
mass (see Fig. 3). Using the definition of the friction factor
and hydraulic diameter, i.e.

Tw 44
f=———, D= (12)
1 I/z PEI'
2 °
the momentum equation (10) can be written as follows:
dP  kM? dV? kM? dx dx
— + 4f — —M?gk ——
P > v T2 YD S
d
+EM2(1—y;) Tw -0 (13)

where use was made of equations (1) and (3).
From the definition of stagnation temperature, speed of
sound, and Mach number we have

T,=T+ —T(1+ kol M2) (14)
o 20p 2
so that equation (8) can also be written as
dQ+dH k—1 daT,
Q = (1 + M2> ° 15)
wCpT 2 T,

Equations (1)-(4) and (13)-(15) give 7 equations with 11
variables P, p, T, ¢, M, V, T,, w, A, (dQ +dH)/wCpT, and

dx dx dw
4f D ¥ 2y,
where four may be chosen 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
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aM? 1 +kM? dQ+dH

M? I-M?  wCpT
kM2(1+ k; M2>
dx dx dw’.
+ Af = 29 2 9 __]
1-M2 [fD g V2 Vi w
~1
2(1+kM2)(1+ LMZ)
2 dw
+ —
1—M2 w
k=1
2<1+ ——MZ)
B 2 dA s
IERY? ) (16)
dP KM dQ+dH
P 1-M* wCpT
KM2(1 + (k — 1)M?) [ dx dx dw
- PV Rty P —]
20— M2) N 7 e (e
2kM2(1+ k—‘-l—w)
2 dw _kMP dA )
1—M2 w 1—1\/[2 A

Equations (16) and (17) are similar to the results of Shapiro
(1953), where the influence coefficients multiply the indepen-
dent variables. In these equations dw can be replaced by the
evaporation or condensation heat flux (equation (5)) and the
friction coefficient by

f=mRe™"
p(V=V)D _ wD(1-y)

© pA
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, y; =0 and m and n may be taken as

m=16, n=1;laminar flow (Re <2000)
m=0.079, n=0.25; turbulent flow (Re=2000)

The velocity profile of a laminar incompressible flow in the
evaporator has a cosine rather than a parabolic distribution
(Busse, 1973; Bankston and Smith, 1971) with

m=2w%, n=1 @n
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 (Quaile and Levy, 1975).

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 A—h;, gravity g, and
vapor flow area A4, on the limiting heat transfer rates in heat
pipes. Thus Levy (1968) neglected the frictional effects, area
change, and gravitational effect, and assumed that
dQ+dH=0 and y;=0. From equation (16) it then follows
that

(18)

Re= (19)

(20)

am?

MZ

-1
231 + kM?) (1 Mty M2>
2 aw

= 22
IRY? ” 22)
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The combination of equation (22) with equation (5) can be in-
tegrated from M(x=0)=0 and w(x=0)=0 to M(x=L,) =1
and w(x=L,)=gqL,/h,;, to obtain an expression for the com-
monly utilized sonic heat flux limit g, i.e.

PoColtiyA
2k + 112

where p, and ¢, are the (stagnation) density and speed of
sound at the evaporator inlet. When account is also taken of
the frictional effects in the above analysis and choking as-
sumed at the condenser inlet, it was found numerically (Levy
and Chou, 1973) that the computed heat transfer limits agree
better with data than the predictions using equation (23).

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

qsL.= 23)

(i) Evaporator or Condenser Regions

1 —M2 dw  dA
aM?=(1+aM2) 2L 2 24
MZ2(2 + (k— 1)M?) (+aM) == = — @49
where
2mkuAh/u
a=k(1—y,)+ —CC0T 0 ©5)
T =)D
(ii) Adiabatic Region
1-M? dA
2 pM2dx— 22 26
NI T (k- ) M =bMdx— — 26)
where
o 2mkudh, an
DqL,

Moreover, by taking A, y;, and g constant, the solutions of
equations (24) and (26) between any two sections 1 and 2 of
the corresponding regions are given by

(i) Evaporator and Condenser Regions

k—1
1+ — M% 1/2

M,
M, k—1
1+ —— M}
2 2
k—l 1+a
1+ — M3
y 2 1+aM% 14+2a—k _ W2 (28)
k—1 1+ aM3 1
1+ TM%
(ii) Adiabatic Region
| : ) M2 1+ _k_;lMZ (k+1)/4
T[MZ a M2]+ln M; k—1
‘ : e ow
=h(x, —Xxy) 29

In particular, the solution represented by equation (23) is a
special case of the solution expressed by equation (28). This
may be proved by taking in the latter equation y;=0, u=0
(@a=k), w =p,ec;M;4, M;(x=0)=0, M,(x=L,)=1, and
Wy =qL,/hy,.

The more useful forms of equations (28) and (29) are ob-
tained by solving these equations for the maximum heat
transfer rate ¢, which occurs when the flow chokes at the exit
of the adiabatic region of a heat pipe. Setting in equation (28)
W =p,coMA, M (x=0)=0, w,=¢qL,/h;,, and M, =M, (exit
of evaporator), and in equation (29) M,(x=L,)=M,,
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M,(x=L,+L,)=1 and x, —x; =L,, we obtain the following
results

k"‘l 1+a
gL M, 1+ T M; 14+2a—~k
= 2
hppoCoA (1+ k;l Mg) 12 1+ aM?2
(30)
(k+1)/4
1 k+1 M:
—[—— —-1]+In =bL, (31)
2 Lm? 2 k—1
1+ —Z—Mg

and after normalizing by the sonic heat flux limit g, (equation
(23)), it follows that

1+a

k—1
v T4+ —— M2

2 1+2a—k
4| 2EY = (32)
e k—l 1+aM‘23
1+ —— M?
2
(k+1)/4
1[1 1]+1 k+1 M
—_ - n
2 Lm2 2 k=1
L+ —— M
L
=Ck< ")(-"—S) (33)
L, q
L
C=2m< s ) ¢ ek +1))172 (34
PoCy D
C q
a=k[(1—y-)+ ——<——)] 35)
' (I-y)) \¢q

In particular, when L,=0 and M,=1 (choking at the
evaporator exit), equation (32) is reduced to the form

l+a
A :2[ k+1 ] 1+20—k
4 2(1+a)
Equations (32) and (33) can now be solved for q/¢, in terms of
the independent parameters C, &, L,/L,, and y;, or since g,
Pos €y, and k can be evaluated at the saturation temperature at

the evaporator inlet, the independent variables may also be
taken as Ty, D, L,/D, L,/L,, and ;.

(36)

3 Discussion of Results

Using equations (32) and (33), Figs. 4 and 5 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
(Kemme, 1966, 1969; Levy and Chou, 1973; Dzakowic et al.,
1969). The analytical results in these figures were generated by
assuming that y; =0 (normal-to-the-main-flow vapor injection
in the evaporator) and using the perfect gas equation of state
for the calculation of density and speed of sound at the satura-
tion 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 the axial heat transport capacities of heat pipes. At
high temperatures, some sodium data (Kemme, 1966;
Dzakowic et al., 1969) show a deviation from the sonic heat
transfer limit behavior and may be associated with the attain-
ment of the wicking heat transfer limit in heat pipes as dis-
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Fig. 4 Comparison of analytic results, with and without friction and
choking at the evaporator exit, with data
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Fig. 5 Comparison of analytic results, with choking at the adiabatic
section exit and with and without friction, with data

cussed earlier. At lower temperatures, the heat pipe per-
formance becomes sensitive to the frictional effects, and the
axial heat transfer capacity can be considerably reduced as il-
lustrated in Fig. 5, which shows a good comparison of analysis
with data with a finite length of the adiabatic region. The data
in Fig. 5 are also predicted with the numerical model of Levy
and Chou (1973) when they accounted for the frictional effects
in evaporator and condenser.
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Fig. 6 The eftect of vapor diameter, evaporator, and adiabatic tengths
on the sonic heat flux limit for Li, Na, and Cs

The effects of the vapor diameter D, evaporator length to
diameter ratio L,/D, and adiabatic length to evaporator
length ratio L,/L,, on the sonic heat transfer limits for
lithium, sodium, and cesium are illustrated in Fig. 6. At con-
stant D, an increase of the evaporator and adiabatic lengths
has the effect of reducing the 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.
6. The axial heat transport capacities of Li are also more sen-
sitive to the frictional effects (and, therefore, on L, and L,)
than those of Na, K, and Cs.

Figure 7 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
transfer limits for Li and Na at lower temperatures and a slight
increase beyond the frictionless sonic heat transfer limit at
very high temperatures. The physical explanation of these
results is that at lower temperatures the frictional effects are
important, whereas at higher temperatures the inertial effects
dominate and require higher axial heat fluxes for y;>0 than
for y; =0 for attainment of the sonic limit (see equation (24)).
The non-normal-to-the-main-flow vapor injection has not
been previously investigated and may be present in some
systems where heat pipes are integrally built into the systems’
structures.

Equation (24) also shows that an area increase for the vapor
flow in the evaporation and adiabatic regions of a heat pipe
can produce larger sonic heat transfer 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 (d4/dx>0) in order to compensate for
the reduction of sonic heat transfer limits brought about by
the frictional effects. For applications to nuclear reactors in
space, a super heat pipe system may be envisioned with a heat
source supplying heat to variable cross-sectional areas of heat
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Fig. 7 The effect of variable y; on the sonic heat flux limits for L; and
Na

pipe evaporators that in turn transfer this heat to the power
conversion system that may be removed by a considerable
distance from the power source. In this manner a more com-
pact reactor design can be achieved than by utilizing constant
and large-diameter heat pipes.

4 Summary and Conclusions

The current designs of terrestrial and space-based systems
use heat pipes for a variety of tasks. These applications require
optimum heat pipe performance over a large range of system
and environmental conditions. For these reasons, the heat
pipe design has strived toward the development of super heat
pipes that transfer optimum heat transfer rates without ex-
ceeding the heat transfer operating limits. Many of these limits
may be suppressed and some may be eliminated through a
judicious optimization of heat pipe geometry and selection of
working fluids.

In the paper an analytical model has been presented for the
design of high-temperature heat pipes with the sonic flow
limiting the axial heat transport capacity. It was shown that
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the sonic heat transfer limit is affected by the working fluid,
vapor flow area, manner of vapor introduction into the vapor
core region of the evaporator, and lengths of the evaporator
and adiabatic regions. Achieving high rates of heat transfer re-
quires large vapor flow cross-sectional areas, small lengths of
the evaporator and adiabatic regions or a vapor flow area in-
crease in these regions, and normal-to-the-main-flow liquid
evaporation in the evaporator. A comparison of the analytical
results with data of high-temperature heat pipes operating
with sonic heat transfer limits is shown to be reasonable. The
presented model can be readily adopted for the optimization
of high-temperature heat pipe design.
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