COAXIAL HEAT PIPES

L. L., Vasiltev UDC 536.248.2

Heat and mass exchange is calculated for the wicks of coaxial heat pipes during convective
heat transfer between a fluid and the pipe wall.

For cooling and heat stabilization of cylindrical devices such as oscillator tubes, klystrons, and travel-
ling-wave tubes, it is convenient to use coaxial heat pipes in which heat transfer is radial [1]. The design
of a coaxial pipe for selection of the best combination of porous wick and coolant for given geometric pipe
dimensions and thermal flux can be carried out by a method similar to that in [2, 3].

In a coaxial heat pipe, the heat source can be located either on the external surface or on the internal
surface (Fig. 1). In particular, when the heat source is located on the internal surface (oscillator tube
collector, liquid or gas flow), the heat flux can be transported without great loss in the radial direction to
the external surface of the pipe and dissipated into the surrounding medium.

In such a pipe (Fig. 1), there are three sections of porous wick along which fluid transport occurs:

1) a wick in the region of vapor condensation; 2) a wick in the form of a disk connecting the evaporation and
condensation regions radially, which can be considered an adiabatic region of the pipe; 3) a wick in the
evaporation region.

In a coaxial heat pipe, the porous disks (adiabatic regions) are located at a spacing 2Ly = 2Lg and
separate the pipe into a number of independent segments. If one considers heat and mass transfer in one of
these segments, it is then sufficient to multiply the resultant value of the heat flux q by the area of the en-
tire condenser or evaporator surface in order to determine the amount of heat transferred in the entire pipe.

To calculate the heat and mass transfer in the wick of a coaxial heat pipe, it is necessary to make the
following assumptions.
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Fig. 1. Diagram of coaxial pipe: 1) wick of condenser element; 2)
adiabatic zone; 3) wick of evaporator element; 4) vapor channel;
5) pipe wall in condenser zone; 6) pipe wall in evaporator zone.
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7z ‘ 1) The wick is incompressible and is of constant thick-
7 ness in the sections Ly, Ly and Le. The porous capillary body
| } = is isotropic, and in any cross section the pore area of the wick,
‘ jl/‘ [Uv // < Sp, and the total area S maintain the relation Sp/S =11,
27272 CLrms A similar relation is maintained for volume porosity.
N S— I St :
T > 5 < 2) The vapor and liquid over the entire condenser length
/ > / Ly and evaporator length L are at constant temperature; there
. bbb is no supercooling of superheating of the liquid and the vapor
ressure P, = const
U Qi | # ”"" o presse
K z o/ Vi 1 3) The vapor is condensed at the liquid-vapor boundary
SEREN Ul(2) and has a velocity Uy in a direction normal to the surface,
TEN E e i.e., the velocity Uy has no component along the z axis; ac-
P ﬁ_l”(S i —T)' cordingly, there is no change in momentum along the axis.
IS pUso
Q) —Q—l-(—) 4) The velocity of the liquid flowing in the porous wick,
.o 02 U;, has only a z component, is constant over the entire thick-
TR ness of the wick and is equal to the average velocity of the
b }/ ' liquid in a single capillary, i.e., is determined by the Darcy's
i law.
Fig. 2. FElement of condenser sec- 5) We neglect the effect of the gravitational field.

tion of coaxial heat pipe with length

dz and thickness r%{—rf,{. Since the porous toroidal sleeves (adiabatic zones) sepa-

rate the coaxial pipe into a number of independent sections, it
is sufficient to consider half of such a section since the identical
process occurs in the second half also. The length of a half-section in the condenser region is L, and

in the evaporator region, Lg (Fig. 1).

6) We also neglect all terms containing differentials of second and higher orders because of their
smallness.

7) There is no liquid film on the surface of the wick; vapor condensation takes place directly in the
pores and evaporation is from the wick pores,

We shall consider in order the three elements of a half-section of the wick, beginning with the con-
denser. We assume the velocity of the liquid is zero at the point 0, the junction of the two half-sections.

1) Condenser. A section of the coaxial pipe is sketched in Fig. 1. We consider mass and energy
balance for an element of the porous condenser of length dz, external diameter 2rK and infernal diameter

2rX (Fig, 2).
a) Mass balance:

jl(l) + iv = fl(>); @

I =0 nrf — ) UL 2)
Ul = Uy +dUg: (3)
1w = o Uu (e —rg) Upy = o U (i — 1) Uy, dU); (4)
fy = 0 Uy T2 dz = 9y — gy = 0, T (78" — 1) _"%L dzs ()

Fp — Fp— E = p,Ullau (r® — 1" — p, U3l (5" — 1)
=P d(tf,f) delln (15 — ). (6)

In accordance with Darcy's law:

F; = K, “1 j, Tz = K, (7" — i) w, U, de; )
Fo = (Pv — 2w — ®
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Foy = kPVE

Substituting Eqs. (7)-(9) into Eq. (6), we obtain
dR

RZ

2
aWe) 4, (10)

— 20

— KUz =, .

b) Energy Balance. We shall consider energy balance in an element of the porous condenser of a
coaxial heat pipe assuming that the thermal energy in the porous wick is transferred by convection and
therefore neglect heat transfer by thermal conduction:

- — Q. 11)
sz , QV (Ql(g) - Qi (
Quepy = jihy = by o, Ua(rs — ) Uy (12)
Qy = ighy = o T (" — 1) 2L (13)
Quy = iy + 2 =y, Ty — 1) (vt o+ dz) : (14)
4 Z
Q, = q2nridz. (15)
Summing Eqs. (12)-(14) and (15), we obtain
. » dU1 . . dhy
(by—hy) o, (rg — r&?) ey (e — ri?) Uy e =+ q2ars,; (16)
dh, » : e e dAT
U; _d"i" oy Moo (" — 75 — (A, — By ) p, Tl (7" — 1) —— q2nrs = 0. {17
Since (dhy/dz) = 0 because of assumption (2), we have:

rio, i (r* — r57) gg—; = g2nrt, (18)

duy 2qars
& TR o

Integrating Eq. (19) from 0 to Lk, we obtain
2qrk .
Ul = ] r,le(rxgz . rgz) K? (20)
_ , , . 2qmrk

i, =19 Un(rs — YUy = —r/—Lm' (21)

2) Adiabatic Region. The adiabatic region is in the form of a disk of radius r%i and thickness 6 having
a central opening of radius r§ adjoined by the porous evaporator. The adiabatic region has a coefficient
of resistance K, < K;.

Transfer of liquid through the adiabatic region in the radial direction from condenser to evaporator
follows the Darcy's law

20 20
el
TR e (22)

The pressure drop because of the difference in curvature of the liguid-vapor boundary at the end of
the condenser and in the adiabatic region, which causes the liquid to move, can be determined by equating
the flow (21) out of the condensation region to the flow (22) which passes through the adiabatic region:

% 2 Kogu§ L In (15 [ 28

Rf RS g, 1’8 23

3) Evaporator. The evaporator of a coaxial heat pipe has the form of a hollow cylinder with the

geometric dimensions rie, ry, and L.

In the plane z = Lg, the rate of liquid transport through the porous wick is
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i1 _ 24‘:{"‘? Lx
P o (76— 13©) (7% —r®)rp

U perg) = (24)

If it is assumed the thermal flux is supplied uniformly to the entire area of the evaporator and evapora-
tion occurs from the surface of the porous wick, then, as in the condenser, the velocity of the liquid in the
pores of the wick in the z direction will be proportional to z. Thus

Up =1 Le

Uw  Le—z ; (25)

29,15 L (Le—2)

U )= T e e T .
FO T T =A%) rpr Le (26)

The general integral equations for conservation of energy, mass, and momentum in the condenser
and evaporator of the heat pipe have the form

Rz:LK Lx 9
s %
— S 26 dR —_ g‘ KI!“"Z ‘—"——%Lf—j-“ 2dz
R? . r pl (ff‘ — 7'()“)
Ry=0
5 4qﬁr?K
= . zdez;
\S r pl -[Iz (er . ng )2 (27)
0
Ry=0 0
dR qurli{ LK (Le — 2)
L — 2¢ Ky —— e & (7
f * \S‘ 1 »'"Pl-(f%e-riz)e) Le
Rz:Le Le
_f it L dlle =27 4 (28)
B j I (s — rﬁﬂ)r”pl Ly dz D 8

Le

If we integrate Egs. (27) and (28) and add them, we obtain, by using Eq. (23),

2 . MLy [ Kn@yrd  Kle | KL, J
R 017 5 e—re) (=)
2q2 i Lg

1 1 }
: — . (29)
iz o [ (,%-e_ ,—g,e)-z (,%K _ rgx 2

We introduce the following notation:

K, In (r5/rd) ( Le L, ) ]
A—[ 8 —f — Yy —fo)

5_ 1 - 1 .
IR S D
o _ [ K I 1 B 1 B 1 ;
2(]}(7'? I’?K - rgK (r?:e___ f?) e)‘.’- (r?K — rgl{ )2
In(r/r8) Le
D= [Ka B0 K }
Equation (29) can be solved with respect to LK or qg:
L = WritD \/( al HzD )2 1) S (30)
K 4/~KqK 4reg, "o giC R ’
_ o owriea ‘/ﬂ( r'u; 124 )2 N or'*p 112
q}{ - 4"1{[433 + 4"';[,1{3 h r?“ L!Z(BRmm . (31)
Since the entire heat pipe consists of n sections, we have
Ly, =2Ln. (32)
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The thermal flux in the evaporator is
9Ly
o™~ e, - (33)
The thermal power fed to the evaporator and dissipated by the condenser is
Q=— quJtrgLP: — g2 Ly

The method of calculating the section length Lk for a cylindrical condenser in a coaxial heat pipe with
a given qg, the type of coolant, the transport characteristics of the wick and its geometric dimensions can
be illustrated by the following example.

Let the porous wick of the heat pipe in the evaporation and condensation regions have the following di-~
mensions: r{’ = 4- 102 m, r%§ =3,9.10"% m, r‘ie =1.1.10-*m, r§ = 10?2 m. Its permeability is K = 1/K;

=0.16.10"? m% Rypjp = 3+ 10~* m, and the porosity II = 0.7.

We assume the permeability of the adiabatic region is considerably greater than the permeability of
the wick in the evaporation and condensation regions, K, < K;, so that it need not be considered in the cal-

culations.

The csoolant characteristics are: p; = 0.79- 10° kg/m% o = 18.3-10° J/m% p7 = 1.2.10~% kg/m-sec;
r=1.1.10° J/kg.

Let the given thermal flux be qy = 10* W/m?%

A = 6.2.10* m-?% B = 26.6.10° m’,

For the conditions given, the length of a condenser section is

L,=014m
The total thermal power dissipated by a condenser section is
Q, = 680w,
NOTATION

o is the surface tension coefficient;

Rmin is the minimum radius of curvature of liquid-vapor interface;

K, is the hydraulic resistance of the adiabatic zone;

K is the permeability of the porous wick;

K =1/K is the hydraulic resistance of the porous wick;

oy} is the liquid density;

T’ is the latent heat of evaporation;

134 is the liquid viscosity;

11 is the porosity;

Lk is the length of the condenser element;

Le is the length of the evaporator element;

6 is the thickness of the adiabatic zone;

i v are the liquid and vapor flows;

Uy, Ug are the vapor and liquid velocities;

Fy is the friction force;

Fpi, sz are the pressure forces at points 1 and 2;

Q is the heat power;

hy, hy are the vapor and liquid enthalpies;

q is the heat flux;

R is the pore radius;

QeT, QKT the total heat power transferred in evaporator and condenser of heat pipe;

Ip is the length of the heat pipe.
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