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Numerical Analysis of Laminar Flow
in a Double-Walled Annular Heat Pipe

Amir Faghri* and Shahram Parvanit
Wright State University, Dayton, Ohio

The parabolic and elliptic representations of the governing equations of fluid motion for steady
two-dimensional laminar flow in a double-walled annular heat pipe with various distributions of heating and
cooling loads have been analyzed numerically. The results show that the flow reverses at very high condensation
rates and that the parabolic representation provides a sufficiently accurate picture of the vapor pressure
variations at both low and high evaporation and condensation rates. An approximate analytical method is also
presented that can predict the pressure drop and velocity variation accurately along the double-walled annular
heat pipe, as well as the location at which the flow reverses in the condenser zone.

Nomenclature
A = constant used in Eq. 13, (1 — K/t 1/K
B = constant used in defining C,
(1-K%1-K»
C = constant used in Eq. 13,
4(|Rere| + |Reox|)/(B — A)1 — KY)
c’ = constant used in Eq. 15,
4(|Rerc| + |Reoc|)/(B —AX1 — K%
D = constant used in Eq. 15, 2/(B ~ A)
DI, DO = inner and outer pipe diameter, respectively
hge = latent heat of vaporization

= ratio of inner radius to outer radius

LA, LC = length of the adiabatic and condenser
sections, respectively

LE = length of the evaporator section

LT = total length of the heat pipe

P = vapor pressure

P = normalized pressure, (P — P.)/p(Wam)*

Q = heat-transfer rate per unit length

r = radial coordinate

R* = normalized radial distance, r/RO

RI, RO = inner and outer radii, respectively

Re = radial Reynolds number

Re e = inner wall radial Re in evaporator,
(RD)(Vie)/v

Re;c = inner wall radial Re in condenser,
RDVic)/ v

Reo r = outer wall radial Re in evaporator,
(ROYVo,e)/v

Reoc = outer wall radial Re in condenser,
(ROYVo,c)/v

Re, = axial Reynolds number

v = radial component of the vapor velocity

v* = dimensionless radial velocity, v RO /v

Vie, Vor = blowing velocity at inner and outer walls,
respectively, in evaporator

Vie, Voo = suction velocity at inner and outer walls,
respectively, in condenser

Viw, Vow = radial velocity at inner and outer walls,
respectively

w = axial component of the vapor velocity
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Wa,m = mean axial velocity in adiabatic section
Wom = local mean axial velocity
w*om = dimensionless local mean axial velocity,
We,m/ Wa,m
wt = normalized axial velocity, w/wgn
w* = dimensionless axial velocity, w/ w4 m
b4 = axial coordinate
z* = normalized axial coordinate, z/LT
z* = dimensionless axial coordinate,
20/ (Wa,mYROP)
U = fluid absolute viscosity
v = kinematic viscosity
p = fluid density
Subscripts
A = adiabatic section
C = condenser section
e = entrance of evaporator section
E = evaporator section
1 = inner wall
O = outer wall
m = mixed-mean
R = flow has reversed
w = at the wall
z = at any z location

Introduction

EAT pipes, because of their great reliability and ability to

transfer large amounts of heat, have been used in many
fields of engineering. In many cases requiring heat pipes, the
process is carried out at comparatively low temperatures,
where the heat-transfer agent is a low boiling point liquid such
as water or ethanol and the vapor flow in all sections of the
heat pipe is laminar. In determining the heat capacity
transmitted through the heat pipe, it is necessary to know the
vapor pressure losses in the separate segments of the heat pipe.
The evaporator and condenser sections can be considered to
be pipes with porous walls, through which blowing and
suction of vapor occurs. The end caps and the walls of the
adiabatic section are impermeable.

Many investigators'™!! have examined the problem of vapor
flow in porous pipes and conventional heat pipes using
numerical and analytical methods. Analysis of these theoreti-
cal and experimental investigations shows that approximate
solutions of the Navier-Stokes equations using similarity
analysis over the length of the condenser region for conven-
tional heat pipes is valid for radial Reynolds numbers in the
regions 0 < Re < 2.3 and Re > 9.1.%° In contrast to the
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condenser section, similarity solutions have been found to
exist for all values of the radial Reynolds number in the
evaporator section. Numerical solutions of the complete
governing equations of motion for conventional heat pipes
were also considered by Refs. 8, 10, and 11. There is a
disagreement among the investigators,'®!! however, on the
validity of the usage of the parabolic version of the equations
of motion for the prediction of the vapor pressure drop in
conventional heat pipes.

In this paper, an analysis is made concerning the vapor flow
characteristics of a new high-capacity heat pipe, whcih is the
double-walled annular heat pipe.'* The double-walled annular
heat pipe is made of two concentric pipes with unequal
diameters. The pipe with a smaller diameter is placed inside
the pipe with a larger diameter, and the pipes are sealed
together with end caps, creating an annular vapor space. Wick
structures can be placed on both the inner surface of the outer
pipe and the outer surface of the inner pipe. The interior of the
inner pipe is open to the surroundings. The heat transport
capacity of the double-walled annular heat pipe will be much
higher than that of conventional heat pipes as a result of an
increase in capillary pressure as well as an increase in surface
area exposed for the transfer of heat into and out of the pipe."

Faghri'? analyzed the two-dimensional, steady and incom-
pressible vapor flow in a double-walled annular heat pipe,
with water as the working fluid. The fully parabolic represen-
tation of the governing equations of motion was used for the
solution of the vapor flow in the evaporator, adiabatic, and
condenser sections of the heat pipe. The solutions for the
evaporator, adiabatic, and condenser sections were obtained
independently of each other. This was possible by assuming
zero axial inlet velocity at the evaporator inlet and a fully
developed profile at the inlet of the adiabatic and condenser
sections. Because of these assumptions, an implicit, marching
finite-difference method was possible.

The purpose of this work is to describe the computational
procedure and the numerical solutions of the nonlinear
differential elliptic equations of motion over the entire vapor
flow domain of a double-walled annular heat pipe in order to
allow all of the features of laminar flow to be taken into
account. This was done to check the validity of the assumption
made in Ref. 12. Also, the boundary-layer approximation was
used in Ref. 12 for an elliptic problem. The validity of this
approximation in the case of a significant vapor pressure drop
in the double-walled annular heat pipe will be addressed.
These numerical calculations are laborious and require a large
amount of computer time. In view of this, an approximate
analytical method is also presented to predict the change in
static pressure and the velocity profiles of the vapor flow in all
of the segments of the double-walled annular heat pipe. The
analytical solution was found to predict the numerical results
of the full Navier-Stokes equations to within 7%.
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Mathematical Description

The physical problem under consideration is a right circular
cylindrical annular cavity, as shown in Fig. 1. It is assumed
that the vapor flow in all of the segments of the double-walled
annular heat pipe, the evaporator, adiabatic, and the con-
denser sections, is operating under laminar, subsonic, and
steady conditions and that the properties of the fluid are
constant. Uniform radial inflow and outflow boundary
conditions are used to model evaporation and condensation.
Since the annulus is closed at both ends, it is required that the
fluid that enters in the evaporator segment flows out through
the condenser section. The differential equations associated
with this axisymmetric problem are the continuity and the
momentum equations, as follows in cylindrical coordinates.
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It should be noted that, in Eq. (2) and (3), the terms in
braces are associated with axial diffusion terms. These terms
were neglected when the partially parabolic version was
considered but were accounted for in the elliptic case. It
should be emphasized that the partially parabolic scheme
corresponds to the case in which only the axial diffusion terms
are neglected and Eqgs. (1)-(3) are solved simultaneously.
Faghri'® used the fully parabolic method in which the
momentum equation in the radial direction (3) is also omitted.

The boundary conditions are defined as follows:

w(0,r) =v(0,r) =0
w(lT,r)=v(LT,r)=0
w(z,RI) = w(z,RO) =0
v(&RI) = Viw(z)

v(z,RO) = Vow(2)
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Fig. 1 Double-walled annular heat pipe and coordinate system.
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Theé radial blowing and suction velocities at the inner and
outer walls are taken to be uniform over the heating or cooling
lengths and are related to the local heat rate per unit length by
the following relations:

Qo
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VI,A=VO,A=0 (5)

Vo,E =

Vo,c =

Solution Procedure

The finite-difference iteration method of solution developed
by Spaldirig et al.,'*!® which is employed in the generalized
PHOENICS Computational Code,'® was used for the elliptic
and partially parabolic solutions of Egs. (1)-(3), subject to the
boundary conditions in Eq. (4). By this method, Eqs. (1-4)
were solved using the finite-domain method outlined in Refs.
14 and 15. Finite-domain equations are derived by the
integration of the differential equations over a control volume
surrounding a grid node. The integrated source term is
linearized; and the upwind differencing scheme is used in the
¢onvective terms in order to enhance numerical stability.
Special care was taken to obtain results independent of the
number of grids due to the use of the upwind differéncing
scheme. The SIMPLEST Practice'® was used for solving the
momentum equation rather than the well-established SIMPLE
algorithm'” in order to accelerate the convergence.

The equations for the radial and axial velocities were solved
by a line-by-line method, which is similar to Stone’s strongly
implicit method but is free from parameters requiring case to
case adjustmient; the line-by-line method is less complex and
takes less computer time. The pressure correction equation
was solved by a whole-field method. Further details may be
found in Ref. 18.

A converged solution was defined as the condition that
obtains the difference between the absolute values of a
dependent variable between two successive sweeps was less
than 10~ * and the sum of the absolute volumetric error over
the whole field was insignificant at 10 ~° or less. Convergence
was found to be affécted by the radial Reynolds number at the
walls. Therefore, the cases with high radial Reynolds numbers
required more sweeps than the cases with lower radial
Reyrniolds number. To improve convergence, a false time-step
relaxation proportional to the fluid residence time in a typical
cell was used. A convenient guideline for the setting of the
underrelaxation factor for the velocities is to start with the
minimum céll residence time, which is equal to the minimum
cell width divided by the maximum velocity. In most cases,
200 sweeps were found to be adequate for convergénce.

For the elliptic solution, the integration and marching
proceeded along the axis of the annulus from z =0toz = LT.
The solution exhibited good numierical stability and a fairly
rapid rate of convergence of the iterative procedure. The
accuracy of the numerical solution was checked in two ways:

1) The grid spacing was systematically varied and the results
for different grid sizes were compared to the extrapolated
results of infinitesimal grid spacing. Initial investigations were
performed with a mesh with 20 cells in the radial direction and
40 cells in the axial direction. This was found to be adequate
for low radial Reynolds numbers at the walls. A mesh with 40
cells in the radial direction and 80 cells in the axial direction
was used for all of the results reported in this paper. The
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maximum deviation of the solution due to the refinement of
the grid was 0.7% and, therefore, it was concluded that the
results are practically independent of the number of cells in the
mesh.

2) The numerical results were compared with known similar
solutions'? that exist for the fully parabolic version by solving
each of the different segments of heat pipe independently.

Numerical Results and Discussion

The numerical analysis was performed for the flow of vapor
in a double-walled annular heat pipe with a total length of 1 m
and evaporator and condenser lengths each of 0.2 m; water at
100°C was used. Thé inner and outer diameters of the pipe
were 0.0297 and 0.0456 m, respectively. The pipe dimensions
were chosen close to the dimensions of an experimental
double-walled annular heat pipe.' ‘

The double-walled annular heat pipe performance was
analyzed for a combination of symmetrical and asymmetrical
blowing and suction conditions. Symmetrical blowing/suction
is the condition in which blowing/suction velocities at both the
innér and outer walls of the evaporator/condenser section are
the same. Asymmetrical conditions occur wher the blowing/
suction velocities at the two walls are different from each
other. Symmetrical blowing or suction does not correspond to
symmetrical heating or cooling.

In order to investigate the accuracy and reliability of the
numerical results obtained froin the present analysis, the
double-walled annular heat pipe was studied with the same
radial Reynolds dumber and radius ratio (K) values as one of
the cases studied by Faghri.'? Ini his study, Faghri employed
the boundary-layer approximation and analyzed the vapor
flow in the evaporator and condenser sections independently.
The present method solved the equations of motion of the
vapor flow in the double-walled anrular heat pipe as one
domain all along the heat pipe.

Figure 2 presents the normalized pressiire distribution P*
along the heat pipe for the case with K =0.2. The evaporator
radial Reynolds numbers at the inner and outér walls are 0.6
and — 3.0, respectively. The condenser radial Reynolds rium-
ber at the inner wall is — 0.6, whereas the radial Reynold
number at the outer wall is 3.0. The pressure drop results
obtained from the present analysis are within 1% of those
obtained by Faghri.!?

Figure 3 presents the normalized pressure drop P * distribu-
tion for the case with K = 0.8 and the radial Reynolds number
at the inner wall in both the evaporator and condenser sections
equal to 2.4. The radial Reynolds number at the outer wall in
both the evaporator and condernser is set at 3.0. This case
shows a deviation of 7% between Faghri’s results'? and those
obtained from the present analysis. This is due to the fully
parabolic scheme used in Ref. 12. The largest pressure drop
along the heat pipe is observed for this case.

Figures 2 and 3 also demonstrate the normalized axial
velocity profiles for the cases with K = 0.2 and 0.8, respec-
tively. The axial velocity profile becomes fully developed ini a
short distance and stays parabolic all along the heat pipe for
both cases. )

Six distinct cases as listed in Table 1, were considered for the
present analysis with K = 0.65. In each case, by assuming
uniform blowing or suction velocities, the heating and cooling
rates were considered to be uniform in the evaporator and
condenser sections. The radial Reynolds numbers at the walls
and the axial Reynolds number at the center of the adiabatic
section are reported in Table 1. The overall mass balance was
satisfied as well. Case 1 presents the analysis of viscous flow,
meaning that the radial Reynolds numbers in the evaporator
section are much smaller than 1, namely, 0.01 at both the
inner and outer walls, Case 2 is an intermediate stage between
case 1 and the other cases. In case 2, the radial Reynolds
numbers in the evaporator and condenser sections are
approximately 4. Cases 3-6 are cases in which the radial
Reynolds numbers are much greater than 1. For all of the
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cases mentioned, the normalized axial pressure variation and
the radial variation of the normalized axial velocity are
presented based on the numerical results obtained by the
elliptic representation of the governing equation, with 40 grids
in the radial direction and 80 grids in the axial direction. For
cases 1-3, the partially parabolic representation of the govern-
ing equations was also used to obtain the numerical results.
For all six cases, the axial pressure distribution of the heat pipe
was calculated at three different locations; the inner wall, the
centerline (which is at the midpoint between the two walls),
and the outer wall. In each of the six cases, the three pressure
distribution curves coincided all along the heat pipe, which
confirmed that the radial pressure variation is negligible.

Figure 4 presents the normalized axial pressure drop P*
along the heat pipe under the conditions of case 1. There is a
continuous pressure drop along the heat pipe. The pressure
drop in the adiabatic section is a straight line, whereas the
pressure drop profile in the evaporator. demonstrates the
effects of the pressure head absorbed by evaporation. The
pressure drop reaches a steady value at the condenser section,
but there i$ no pressure recovery at that point. The overall
pressure drop trend along the heat pipe is very close to the
prediction of the pressure drop distribution by Tien et al.' for
a conventional heat pipe. The drastic pressure drop along the
heat pipe is caused by the shear stresses at both the inner and
outer walls. ’

Figure 4 also shows the comparison of the normalized
pressure drop profiles obtained by the elliptic and partially
parabolic methods for case 1. This graph indicates that the
partially parabolic results are within 4% of those obtained by
the elliptic method. This means that the boundary-layer
approximation provides sufficiently accurate results for the
heating and cooling conditions of case 1.

As for the radial variation of the axial velocity for case 1, if
we employ the elliptic method of solution, Fig. 4 shows that
the radial profile of the normalized axial velocity stays
parabolic all along the heat pipe. The same parabolic velocity
profile along the heat pipe was also obtained by Bankston et
al.® for conventional heat pipes with a small radial Reynolds
number. It is obvious that vapor flow becomes fully developed
at Z* =0.019 in the evaporator section. Also, the axial
velocity stays positive throughout the heat pipe, indicating
that there is no region where the flow reverses under the
cooling conditions of case 1.

Figure 5 ‘presents the normalized axial pressure drop P *
along the heat pipe for case 2. In this case, the radial Reynolds
numbers at both the inner and outer walls were 4. As in case
1, there is a drastic pressure drop along the heat pipe. The
pressure drop along the evaporator is increasing rapidly as a
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Fig. 2 Normalized pressure distribution and radial variation of the
normalized axial velocity along the heat pipe with K = 0.2 evaporator
Re, inner wall = 0.6, outer wall = — 3.0, condenser Re, inner wall
= — 0.6, outer wall = 3.0.
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result of the increase in the axial momentum. The pressure
drop along the adiabatic section is increasing as a linear
function of the axial distance. In the condenser, the pressure
drop becomes steady, but there is no pressure recovery
observed. This is due to the loss of axial momentum by the
flow through the heat pipe. For case 2, the nondimensional
pressure drop distribution obtained using the elliptic method
of solution differs less than 0.3% from that of the partially
parabolic method of solution. Therefore, the partially
parabolic method provides an accurate approximation for this
case.

Figure S also presents the radial profiles of the normalized
axial velocity W * for case 2. For this case, with the radial
Reynolds numbers equal to 4, the axial velocity profile has
changed very little compared to the axial velocity profile
obtained for the radial Reynolds numbers equal to 0.01 of case
1. The axial velocity becomes fully developed at Z* = 0.019.
Furthermore, the velocity maintains a parabolic profile
throughout the annulus. There is no region where the flow
reverses in any part of the condenser section under the cooling
conditions of case 2. The axial velocity profiles of case 2, as
well as the axial velocity profiles given for case 1, indicate the
possibility of using similarity solutions to obtain analytical
results for cases 1 and 2.

Figure 6 presents the normalized axial pressure drop P *
along the heat pipe for case 3, where the radial Reynolds
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Fig. 3 Normalized pressure distribution and radial variation of the
normalized axial velocity along the heat pipe with K = 0.8 evaporator
Re, inner wall =2.4, outer wall= —3.0, condenser Re, inner
wall = — 2.4, outer wall = 3.0.
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heat pipe with K = 0.65 evaporator Re, at both walls = 0.01,
condenser Re, at both walls = 0.01. o



APRIL 1988 DOUBLE-WALLED ANNULAR HEAT PIPE 169
R R
1 095 090 085 080 075 070 065 1 /095 090 . 085 080 075 070 065
o 1 i n e o+ o L L —0-5
¥ 18 w':Condenser 72094
p... ) w P+ ::\P Eliptic_result W Exapo ib_‘o & ___ __‘__._________:_qg_____ / W+
uanolﬂsui_ . Z=0.09 W= Z=0.83 / 0
"‘0.5 w adiabatic Zt0.49 &
~51 0.5 i
% "\ 7/ 0.5
AN A
£ Euiibic resutt 2 A
. -1
_10__ Pz Parabolic result p =14 //
Weewsporstor, 226013 H1.5 “\\ s
WiEvaporator, 7 0.09 WiCondenser 75083
15 whadiavatic, 70.69 _ __ . WiCongenser, -089 2 sl "" . : 2
) 0.2 04 2 0.6 08 1 ~o 02 04 7 06 08 1

Fig. 5 Comparison of the elliptic and parabolic normalized pressure
drop and radial variation of the normalized axial velocity along the
heat pipe with K = 0.65 evaporator Re, at both walls = 4.0, condenser
Re, at both walls = 4.0.

numbers at the inner and outer walls were 1000. In this case,
there is a rapid pressure drop in the evaporator section caused
by the increase in the axial momentum of the flow, while the
pressure stays nearly constant throughout the adiabatic
section. The pressure increases, however, along the condenser
section in the direction of the flow as a consequence of partial
dynamic recovery in the decelerating flow. The pressure drop
profiles in the evaporator and condenser séctions demonstrate
the effects of the pressure head absorbed or created by
evaporation and condensation.

A comparison between the normalized pressure drop
profiles obtained by the elliptic and the partially parabolic
methods for case 3 is made in Fig. 6. The numerical results
obtained by the partially parabolic method are within 1.8% of
those obtained by the elliptic method. Therefore, it is valid to
assume that the boundary-layer method results in a good
approximation of numerical results for the cases with high
radial Reynolds numbers.

The radial profiles of the axial velocity for case 3 are also
presented at five different axial locations in Fig. 6. In this
case, the axial velocity profile stays parabolic through the
evaporator and adiabatic sections. In the evaporator, the axial
velocity gradients are nearly zero, which indicates that the
flow becomes fully developed at approximately Z* = 0.09.
The same fully developed profile is observed in the adiabatic
section. As the flow proceeds into the condenser section,
however, there is a continuous change in the shape of the axial
velocity profile. Moreover, there is a region where the flow
reverses close to the end of the outer wall in the condenser
section. This may be due to the failure of the fluid to possess
sufficient momentum to overcome the pressure rise between
the condenser inlet and the point where the fluid is withdrawn
from the pipe. When the flow reverses in the condenser
section, the similarity of the axial velocity profile along the
annulus disappears for the cases with high radial Reynolds
numbers in the condenser section.

Figure 7 presents the axial pressure drop distribution along
the centerline of the heat pipe under the heating and cooling
conditions of cases 4-6. In case 4, the blowing velocities at
both the inner and outer walls of the evaporator section are
the same. Note that this does not correspond to a symmetrical
heating condition. Because of the particular geometry, the
radial Reynolds number at the outer wall is greater than the
radial Reynolds number at the inner wall. The normalized
pressure drop along the evaporator and adiabatic sections are
identical to case 3. However, in case 4, the pressure recovery
in the condenser section does not increase as much as that in
case 3. Note that, in case 4, the suction velocities at both walls
in the condenser section are higher than those of case 3.

In case 5, the condensation process takes place under the

Fig. 6 Comparison of the elliptic and parabolic normalized pressure
drop and radial variation of the normalized axial velocity along the
heat pipe with K =0.65 evaporator Re at both walls = 1000,
condenser Re, at both walls = 1000.

same suction velocities at both walls. The normalized axial
pressure drop in the evaporator and adiabatic sections under
the conditions of case 5 are identical to the drop observed
under the conditions of case 3. As in case 4, the pressure
recovery observed in the condenser in case S is not as large as
that for case 3. In c¢ase 5, the flow reverses all along the
condenser section, but the flow does not reverse as much as in
case 4 because of the lower suction velocities of case 5
compared to case 4. _

The pressure drops observed along the evaporator and
adiabatic secdtion of case 6 are also identical to those observed
in case 3. However, the pressure recovery in the condenser
section does not increase as much as that in case 3.

It is obvious that the flow reverses in the condenser section
at high radial Reynolds numibers. The normalized axial
velocity profiles of the cases with high radial Reynolds
numbers also indicate that the axial velocity profile in the
condenser section changes with increasing axial distance. This
emphasizes the disappearance of similar flows for the cases
with very high cooling rates.

Fully Developed Approximation

It is the objective of this section to provide an analytical
method to predict the pressure drop along the double-walled
annular heat pipe because the numerical solution of the full
governing equations is laborious and requires a large amount
of computer time. From the previous numerical analysis, one
can generalize that the vapor flow in an annular heat pipe
becomes fully developed in a very short distance from the
evaporator end cap and that this similar profile repeats itself
in the adiabatic and condenser sections for low and moderate
radial Reynolds numbers, as well as when the walls are
impermeable. This entry distance is not significant in many
practical applications, as shown in the previous section. The
criterion for the fully developed flow is that the dimensionless
axial velocity w/w, n is invariant along the pipe. One very
interesting feature of the numerical results presented was that
W* was similar for various radial Reynolds numbers,
including the one with zero inner and outer radial Reynolds
numbers. The fully developed normalized velocity profile for
annular flow for zero blowing velocity can be easily obtained
analytically."
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Table 1 Blowing and suction velocities corresponding to cases
in which the double-walled annular heat pipe was studied

VO,E; m/s

Voo m/s

Vig, m/s Vie m/s Axial Reynolds
Case no. Reyr Réoe Rerg Reoc no., Re,(z =I—‘ZI)
1,45E-5 -0.947E-5 -1.45ES 0.947E-5
1 0.01 0.01 0.01 0.01 0.4242
5.810E-3 -3.78E-3 -5.81E-3 3.78E-3
2 4.0 4.0 4.0 4.0 169.7
1.45 -0.947 -1.45 0.947
3 1000 1000 1000 1000 42,422.0
1.45 -1.45 -2.08 '1.04
4 1000 1530 1430 1100 53,714.0
0.725 -1.45 -1.45 1.16
5 500 1530 800 1230 42,966.0
0.725 -1.45 -1.67 0.835
6 500 1530 1150 900 43,121.0
(o] : v*RY,0)=w*R*,00=0
p+ ———— . CASE 4
oo CASE § / W*(K,Z*)z w*(l,z*):O
——— CASE 6
RO V],E ReI,E
-0.54 v*K,z¥)= ——=——
K
RO VorE
v*(1,z*) = ———=Reo (10
- 1 -
. The systems of Eq. (8) and (9) are reduced to the following
i form by the elimination of the radial velocity in the evaporator
section:
-1.5 —— T : Y o
o] 0.2 04 , 06 0.8 1 aw* [RE;; 1 r+  dw*
r4 w* + [ — j R+ dR *]
az* R* R*JK az*
Fig. 7 Normalized pressure distribution along the centerline of the dw* 3P+ 1 3 w*
heat pipe with K = 0.6 for cases 4-6. X = —— - (R + ) (11
dR™* dz* R* OR* dR ™

The dimensionless local mean axial velocity w',,, can be

obtained by making a mass balance in the evaporator section
of the heat pipe.

_ 2(Rere + |Reos|)z*
1-K?

™

Lm

According to the numerical results discussed in the previous
section, Eq. (6) also presents the normalized velocity W * for
all of the radial Reynolds numbers and K values in the fully
developed region.

Assuming an incompressible fluid, constant and normal
injection velocities along the length of the pipe wall, and
constant pressure along the radius of the pipe, the system of
equations in dimensionless form describing the vapor flaw is
reduced to the following forms:

RO A O T
v = - —
az* dR* 3z* RTOR” aR *
dw* d@W*R™)
R 9
az* aR* ©)

The boundary conditions appropriate for the evaporator
section are as follows:

The pressure drop is obtained by substituting expression (6)
into the following integral equation:

1 ow* 1 [Ow* R+ w*

(o[22 o 2en |
K 3z K LgR+ K dz*
P+ /1 K? oW\
=2 (o 20
az* 2 2 R*/k

The pressure drop along the evaporator section of the
double-walled annular heat pipe is calculated using the
following expression:

w*

(12)

Pi = {&*Z(l —-KH+

K*-1
K6
+ K* = 24K%K + AK* - 5t AK*0K

Sl

A comparison can be made for the prediction of the pressure
using the Eq. (13) with the previous numerical results for
Rerp= 1.5, Reog= — 3.0, and K =0.5. At z* = 0.05, ex-

AK*
-4 2K K): + A*K*0K —

(13
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pression (13) predicts the pressure within 7% and at z* = 0.2
within 1% of the numerical results.

A similarity expression can be obtained for the pressure in
the condenser section by using the appropriate form for w*,
in Eq. (6). The following expression for w*, ,, is obtained by
a mass balance in the condenser zone:

* —
Woam =

_ 2(|Re1,c| + Reo,c)z*
(1-K?

(14

The pressure drop in the condenser segment using the
parabolic profile is given by

P¢ =4[(K*—1+C-EY(K?-D)[(C’z?/2-Dz*] (15)

where E is
1 34 A* K* K* K¢ 5 AK?
= —— 4+ — —— — AKYUK +
6 8 4 2 2 6
(AK*mK)
+—__
2
AK*  AK(GK)Y AKUK AK?
- - + - (16)
8 2 2 4

It should be noted that by using w* given by the product (6)
and (14), one can also predict where the flow reverses in the
condenser section. When the flow reverses, w*, ,, and w* are
both negative, and the ratio w*/w*;,, is still given by
expression (6) in this segment. A prediction of the pressure by
expression (15) in the condenser zone before the flow reverses
for Re;c = — 1.5, Reo,c =3.0,and K = 0.5 at z* = 0.03 and
zZ* = 0.05 is within 1 and 8% of the previous numerical results,
respectively. It is interesting to note that expression (14) can
predict the location at which the flow reverses at various
condensation rates in the condenser zone by having negative
w*. m. This gives the location at which the flow reverses to be
zz = 0.11 for the preceding condenser specifications. Expres-
sion (15) can also be used to calculate accurately the pressure
drop in the adiabatic section.

Conclusions
The results of the investigation warrant the following conclu-
sions:

1) Accurate prediction of the pressure loss can be made all
along the double-walled annular heat pipe by using the
fully parabolic version of the equations of motion and
solving different segments of the heat pipe independently
of each other. This can be achieved by letting the inlet
velocity be zero in the evaporator zone and the axial
velocity have a parabolic inlet profile for the adiabatic
and condenser sections.

2) For laminar vapor flows in double-walled annular heat
pipes, the flow in the condenser may exhibit a region
where the axial velocity reverses when the condenser
radial Reynolds numbers are high.

3) The hydrodynamic entry length for the evaporator sec-
tion is very short and can be neglected in many practical
applications. This justifies the use of a similarity velocity
profile (6) all along the evaporator section.

4) The normalized velocity distribution W™* given by
expression (6) can be used all along the double-walled
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annular heat pipe for radial Reynolds numbers at the
inner and outer walls up to 4.0.

5) Accurate estimates of the overall pressure loss may be
made by using Eqs. (13) and (15).
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