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1. Introduction

A heat pipe is a passive, reliable and highly efficient heat trans-
fer device operating on a continuous evaporation-condensation
cycle of a working fluid driven by capillary forces. Since the first
patent in 1944 [1], and more particularly the subsequent work per-
formed by Grover et al. [2], heat pipes have been extensively stud-
ied and different types have been introduced to satisfy various
mission requirements. Currently, heat pipes are widely used as
standard thermal control hardware in space and ground applica-
tions. A typical heat pipe consists of a sealed container with a
capillary structure filled with an appropriate working fluid. The
capillary structures used in heat pipes include screen mesh,
sintered metal powder, axial grooves, arteries and suitable combi-
nation of these structures. The heat transferred by a heat pipe is
mainly limited by the available capillary pressure. It is possible
to increase the capillary pressure by increasing the effective menis-
cus curvature of the capillary structure, for example using a smal-
ler pore size for a sintered wick. However, this lowers the
permeability of the capillary structure, leading to higher viscous
pressure losses within the capillary structure. Several design solu-
tions have been proposed to improve the heat transfer limit by
optimizing these two competing parameters. In the 1970s, arterial
heat pipes (AHP) were introduced to minimize viscous losses by
using separate fluid flow passages or arteries in combination with
fine capillary structures.

Although several AHP designs have been proposed in the past,
many of these developments were mostly abandoned as a result
of failures during the ground and space flight experiments. The
main difficulty was their susceptibility to the blockage due to the
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presence of vapor or noncondensable gases (NCG) in the liquid ar-
tery, leading to startup failures or dryout. The most important of
these designs are reviewed later in this section.

In this work, an innovative artery design was considered. The
AHP configuration studied, shown in Fig. 1, was developed by
Goncharov et al. [3] in Russia based on an earlier design by
Blinchevskii et al. [4]. This AHP is made of a stainless steel tube
with a wall thickness of 0.5 mm. A single artery is formed using
a stainless steel mesh of 680 wires per inch by contact spot weld-
ing. The mesh thickness is 0.12 mm. Circumferential screw grooves
on the inside wall are arranged along the entire length. The height
and width of the artery are 1.5 and 7.63 mm, and the depth and
width of the circumferential grooves are 0.15 and 0.1 mm, respec-
tively. The circumferential grooves provide the additional capillary
structure for liquid transportation from the liquid artery along the
circumference of the heat pipe. They also provide a large uniform
thin film for evaporation, which helps prevent boiling in the liquid
artery. The remaining section of the heat pipe envelope is reserved
for the vapor flow. As a result, the liquid and vapor flow is sepa-
rated and the entrainment constraint due to the liquid-vapor
countercurrent flow is eliminated.

A common problem encountered in similar artery designs was
the glazing effect: the fine mesh wick which forms the artery wets
more rapidly than the artery can self-prime (filled with liquid),
leading to vapor blockage in the artery. A solution to the glazing ef-
fect was the meniscus coalescence technique, first proposed by
Eninger [5]. A sufficiently thin foil with very small venting pores
ensures that the menisci on opposite sides of the liquid in this
venting pore coalesce to keep the pore open. In [5], an analytical
solution was provided to calculate the priming foil thickness and
venting hole diameter as a function of the liquid-vapor pressure
difference. Starting from this equation, the venting hole diameter
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Nomenclature

Cp specific heat at constant pressure (J kg~' K1) t time (s)

Cp solvent molar concentration (kmol m3) u velocity (ms™1)

D, venting pore diameter (m) X solute mole fraction in the liquid phase

Dy mass diffusivity (m? s~1) y solute mole fraction in the vapor phase
mole fraction of the NCG species dissolved in
the liquid Greek symbols

fy mole fraction of species in the NCG o solute species

h artery height (m) B viscosity (Pa s)

hgg latent heat of evaporation (J kg™ 1) 0 wetting angle (rad)

Ju molar flux of species o (kmol m—2s71) o density (kg m~3)

k thermal conductivity (W m~' K1) G liquid-vapor surface tension (Nm™1)

ky Henry’s law constant (atm) T artery mesh thickness (m)

N number of moles

P pressure (Pa) Subscripts

R bubble radius (m) c condenser, critical

r radial coordinate (m) e evaporator

R universal gas constant (k] kmol ™' K1) i initial

R, artery radius (m) l liquid

R fillet radius (m) sat saturation

T temperature (K) v vapor
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Fig. 1. Cross-section of the arterial heat pipe (not-to-scale).

was calculated by assuming the limiting liquid-vapor pressure dif-
ference required for priming the artery as the venting criterion,
which leads to the following relation

th Tcos0
cos@(z_ h ) (1)

The venting hole size determines the maximum capillary pres-
sure that the artery can support. Therefore, there is a trade-off in
choosing the pore diameter. In [5], a separate priming foil was
introduced into the screen mesh. In the AHP presented in this
work, a single row of closely-spaced vapor vent holes with a radius
of 0.254 mm were directly positioned on the mesh along the liquid
artery, as shown in Fig. 1. These pores were limited to the evapo-
rator section exclusively.

The most noteworthy designs among the earliest AHPs were
the pedestal and spiral artery as shown in Fig. 2(a) and (b). These
configurations were flown on the Orbital Astronomical Observa-

P =

tory (OAO-C) spacecraft [6]. The pedestal AHP had a circular
cross-section artery with two retainer legs fabricated from stain-
less steel mesh. The artery was connected to the pipe wall by these
two legs and the heat pipe envelope was aluminum tubing with
circumferential screw grooves on the inside surface. The spiral
AHP was also manufactured from aluminum tubing with internal
circumferential grooves. The artery was formed by rolling a stain-
less steel screen mesh with successive gaps around a central rod.
The formed spiral artery was connected to the pipe inside wall
by a three-legged retainer again fabricated by stainless steel
screen. Both pipes used ammonia. The pedestal artery design
was difficult to prime because of its sensitivity to the gas bubble
presence in the arteries; therefore, it had to be overcharged to in-
duce priming in a 1-g environment. The spiral artery design was
self-priming. However, because of the low vapor/liquid volume ra-
tio, it was susceptible to condenser blockage by NCG or excess li-
quid. Therefore, its charge had to be accurate and the NCG
tolerance was low.
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Fig. 2. Different arterial heat pipe designs (a) pedestal (b) spiral (c) CTS.

Another important AHP development work was undertaken to
cool the traveling wave tube amplifiers aboard the Communication
Technology Satellite (CTS) [7]. These AHPs had two circular cross-
section arteries fabricated from stainless steel mesh as shown in
Fig. 2(c). These two arteries were spot welded to a felt-metal
bridge wick, which allows the liquid supply to the circumferential
wall grooves from the arteries. A separate priming foil as suggested
in [5] was incorporated into the evaporator section of the artery.
The CTS pipes used methanol as the working fluid. The CTS AHPs
suffered from occasional deprimes in orbit. Although the reason
for deprimes was identified, this design was not used in the later
missions.

It is beyond the scope of this paper to review all the AHP devel-
opments. A summary of additional AHP designs can be found in [8].

2. Problem statement

As it was stated earlier, the arterial blockage due to the NCG-
supported bubbles has been a significant problem for AHPs. NCGs
are either inevitably present during the manufacturing process or
generated during the heat pipe operation as a result of chemical
reactions. NCGs may also be intentionally introduced to control
the heat pipe thermal conductance. Therefore, it is almost impossi-
ble to eliminate the NCG in a heat pipe. Once an NCG-supported
bubble is formed in the arterial liquid, the bubble collapse is
mainly governed by diffusion process. It was demonstrated that
the dissolution time of a bubble can take a long time from many
hours to days [9,10]. Then, bubbles may be convected to the evap-
orator where they can quickly swell because of the arterial super-
heat provided by the heat input. If the bubble becomes sufficiently
large due to merging of smaller bubbles before reaching the evap-
orator, it may partially or fully block the artery, leading to low per-
meability or full arterial deprime. In this case, the bubble continues
to grow into an elongated bubble until it reaches the evaporator.

Five different mechanisms for the appearance of NCG-sup-
ported bubbles in the artery were identified, which was used as
the basis of the numerical and experimental investigation in this
study: (1) During the freezing of the working fluid, NCG in the va-
por space is dissolved into the arterial liquid and then form NCG
pockets in the frozen solid. As the solid thaws, NCG-supported
bubbles are discharged into the liquid [10]. (2) When a large heat
load is suddenly applied to the pipe, NCG will be pushed to the end
of condenser and the NCG partial pressure above the arterial liquid
will decrease. As result, NCG dissolved in the liquid will come out
of solution, forming bubbles in the condenser artery [11]. Similarly,
under a rapid increase in power, the bubble formation by boiling
may occur where the artery connects to the wall since the liquid
here may be superheated with respect to the bulk liquid within
the artery. (3) If the condenser temperature drops suddenly, the
arterial liquid may become superheated because of the large differ-
ence in thermal capacitances between the liquid in the artery and

circumferential wall grooves. If the superheat becomes sufficiently
large, the resulting flash boiling process may form NCG-supported
bubbles [11]. (4) The acceleration forces during the launch and
other spacecraft maneuvers prior to startup may result in bubble
formation as well as excessive elevation. (5) If the heat pipe goes
through shutdown/restart cycles in the microgravity environment,
there is a chance that bubbles may appear in the arteries.

The main objective of this work was to study the behavior of
NCG-supported bubbles in a unique heat pipe design. Two different
heat pipes using the same arterial design were considered: a vari-
able conductance AHP (VCAHP) and a constant conductance AHP
(CCAHP). A numerical model was developed to study the NCG-sup-
ported bubbles. The mathematical model was based on the past
work presented in [10], where only the mass diffusion equation
was considered. In our work, the momentum and energy equations
were also taken into account. The ammonia-nitrogen-hydrogen
system was considered. In the related past works, this fluid combi-
nation was not studied. The intentionally introduced NCG into the
VCAHP to control the conductance brings an additional challenge:
There is an increasing risk of bubble formation in the arteries due
to the tendency of diffusion of the control gas into arterial liquid.
The latter problem was numerically investigated. An experimental
investigation was also undertaken to demonstrate the robustness
of the arterial design under different bubble formation scenarios.

3. Formulation of governing equations

To study the growth/collapse rate of bubbles in the arteries, a
one-dimensional spherical bubble model was developed. The bub-
ble growth/collapse is governed by the gradients immediately near
to the bubble interface. The effect of the geometrical constraints
away from the interface is therefore secondary. As a result, the seg-
mented artery, shown in Fig. 1, was represented by a circular cross
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Fig. 3. Mathematical model geometry (not-to-scale).
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section with the corresponding hydraulic radius of 0.98 mm. The
model geometry is shown in Fig. 3. A spherical bubble consisting
of the ammonia vapor and NCG with a given diameter was as-
sumed to form in the artery as a result of one of the five mecha-
nisms discussed above.

The major assumptions made in this work were: (1) The bubble
will remain spherical during the growth/collapse. (2) The solution
is dilute. (3) The diffusivity of a component into the solvent is not
affected by the other dilute species in the solution. Under these
assumptions, the equation of continuity for a multicomponent
mixture in molar quantities and spherical coordinates with respect
to the center of the bubble can be written as

O0Xy, O0Xy, - 10 2 OXy,
E’L”’W’D“”{ﬁE(r or @

where o represents the solute and $ solvent. In this work,  is either
the nitrogen or hydrogen gas and p is the liquid ammonia. The vari-
ations of fluid properties with temperature were also taken into
account.

The radial liquid velocity of a spherical bubble can be calculated
by integrating the conservation of mass equation [d/or(r?u,) = 0] as
follows

(%

By assuming that the gravitational effects are negligible and the
fluid is Newtonian, the momentum equation in spherical coordi-
nates can be written as

2
oup  Oup 1 0P uﬁ{l 9 <r26ur>_ﬂ} 4)

o “ar T p,ar p, o \"ar) T

By using the continuity equation (3) and integrating the
momentum equation (4) from the bubble interface r=R to r=R,,
the following equation can be obtained

2 2 L _
d°R 3(1}2) _Pr=R)—P(r=Ry) 5)

a2 \dt P

where P represents the liquid pressure. The right hand side of the
Eq. (5) can be written as follows

P(r =R) — P(r = Ry) = [P(r =R) — Py(r = R)] + [Py(r = R)
~ Py(To)] + [Py(Te) = Py(Te)] + [Py(Te) ~ P(r=Ra)] (6

The force balance across the bubble interface gives

P(r:R)—Py(r:R):—M—%@ (7)

Finally, by using Eqgs. (6) and (7) and rearranging the terms, Eq.
(5) takes the following form

PR 3 (dR>2 _Py(To) = Py(Te) | RT(E34N,)

_+_ R—
e 2\dt Py p/1(4/3)7'CR3
20Tc)[1 1 44, dR
L L R 4 ©

where P,(T,) — P(r = R;) = 26(T.)/R,, and R,,, represents the meniscus
diameter of the secondary wicking due to fillets between the heat
pipe wall and the artery mesh as schematically shown in Fig. 3. It
is difficult to know the exact value of R,,; however, the effect of
R, on the solution is of secondary importance.

The initial and boundary conditions of the problem are as
follows

X,(r,0) =X, atR<r<R, 9)
R(O) =R and %(0) -0 (10)
XO((R(ht) :X:x,() (11)
XJ(R’ t) = Xc(,l (12)

Note that the boundary condition at the bubble interface X,
needs to be recalculated at each time step while the bubble radius
changes. The initial total solute mole fraction of the gas composi-
tion at the condenser end can be calculated from Dalton’s law

Zy =1~ (1) (13)

The mole fraction of species fy, in the NCG is either specified or
can be estimated from the Arrhenius equation for a desired life
time, which will be discussed later. Then, the solute mole fraction
of each component in the solution X, o can be calculated by using
Henry’s law

(0 y,)Pu(Te)
Xuo =0 Ey (14)

From Raoult’s law [Py = x4P,(T.)], it can be assumed that the par-
tial pressure of the solvent inside the bubble is equal to its satura-
tion pressure at the condenser temperature since x; inside the
bubble is nearly unity. Then, for a given initial bubble radius, it is
possible to calculate the total number of moles of the NCGs inside
the bubble from the force balance across the bubble interface. Fi-
nally, the initial mole fraction of the solute species at the bubble
external surface can be calculated from Henry’s law as follows

2
Xap :fxa (ZQZ1N1) RT. (15)
ku(Tc) (4/3)nR?

The mole fraction of the NCG species dissolved in the liquid fx,, is
calculated by using Eq. (14).

After the mass diffusion equation is solved for a given time step
using the prescribed boundary conditions, the molecular molar
flux in the radial direction can be calculated by using Fick’s law
of binary diffusion in molar units
Ju=—eDup 5 (16)

From Eq. (16), the time rate of change of the number of moles
for each component can be calculated, thus X, can be updated
at each time step. The details of the numerical procedure are dis-
cussed in the next section.

If a bubble formed in the condenser section is transported to the
evaporator, evaporation may take place at the bubble interface. In
order to study the bubble growth due to evaporation, the energy
equation also needs to be taken into account

aT oT | kg 19 /,0T
at " ar = <p,jc,,,¢> R an

The enthalpy flux due to the diffusive flux of the solute compo-
nents is neglected in Eq. (17) because this term is expected to be
small. Similarly, the Soret and Dufour effects are expected to be
small and also neglected. The additional initial and boundary con-
ditions are as follows

T(r,0)=T. (18)
T(Ra,t) = T (19)
dr p,(0)hg dR

e (20)
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In addition, the conservation of mass across the liquid-vapor
interface needs to be satisfied, which leads to the following rela-
tion for the radial liquid velocity

R\*dR

where

g1 Pol?) (22)
p/f(é)

However, the bubble growth/collapse due to mass diffusion and
phase change can be treated in two different parts because of the
different time scales of these problems to simplify the solution pro-
cedure. This point will be discussed later.

The thermal properties of ammonia were calculated as a func-
tion of the temperature using the relations in [12]. Henry’s con-
stants for hydrogen-ammonia and nitrogen-ammonia binaries
were taken from [13]. Diffusivity of hydrogen and nitrogen into
ammonia was calculated by using Tyn-Calus method [14].

4. Numerical solution procedure

A numerical code was developed to solve the governing equa-
tions and associated boundary conditions described above by using
the Galerkin finite element method. An Arbitrary Lagrangian-Eule-
rian method (ALE) was adopted to solve the moving boundary
problem of the expanding/collapsing bubble. The momentum
equation [Eq. (8)] was solved by means of the fourth-order Run-
ge—Kutta method. The numerical solution sequence for calculating
the bubble life time due to the mass diffusion was as follows:

1. To initialize the problem, solve Eq. (2) for a given initial bubble
radius R with the initial interface velocity dR/dt =0 and the
previously described initial and boundary conditions so that
the new number of moles N, for each component is determined
by using Fick’s diffusion law. Then, solve Eq. (8) with the calcu-
lated values of N, by means of the fourth-order Runge-Kutta
method, which results in a new R and dR/dt.

2. Solve Eq. (2) with the new dR/dt.

3. Solve Eq. (8) with the new values of N, and return to step 2 until
the interface velocity difference between the two consecutive
time steps converges to zero.

4. Calculate the mole fraction on the bubble interface X, ; from
Fick’s diffusion and Henry’s law equations.

5. Return to step 2 to with the new R, dR/dt and X,,;, and repeat
this procedure until the bubble radius reaches 1/10th of its ini-
tial radius.

The time step required for a realistic solution was dictated by
the Runge-Kutta algorithm. A typical initial time step, determined
empirically, was 1073 s. As the bubble collapsed, the time step was
decreased gradually to 107> s. Similarly, the optimum number of
nodes was determined as 100. The nodes were distributed using
a logarithmic function to capture the large gradients near the bub-
ble interface.

For the bubble growth due to the evaporation, the numerical
solution sequence was similar to the mass diffusion one as de-
scribed above. The solutions were obtained for an assumed evapo-
rator superheat. The bubble growth was then initiated in a
superheated liquid and the momentum equation was solved to cal-
culate the new R and dR/dt. This allows the calculation of the heat
flux at the interface, Eq. (20). Later, the thermal diffusion equation
[Eq. (17)] was solved to produce a new interface temperature. The
sequence between the momentum and thermal diffusion equa-
tions was iterated until convergence on dR/dt at a given time step.

——Numerical
1.0E+05 ¢

----MRG equation

1.0E+04 1
1.0E+03 1
1.0E+02 1

1.0E+01 1

Dimensionless Radius (R/R.)

£ 1.0E+00 1

1.0E-09 1.0E-07 1.0E-05 1.0E-03 1.0E-01
Time (seconds)

Fig. 4. Comparison of the numerical results of bubble growth with the analytical
solution of MRG equation [15].

This procedure was repeated until the artery was blocked by the
growing bubble.

The validity of the numerical model was tested against the well-
studied bubble growth problem in a superheated liquid. This
problem is very similar to the above problem with an additional
complexity due to the sudden bubble growth from a critical size.
For this particular problem, the momentum equation takes the fol-
lowing form

d’R 3 (dR\*> P,(T)—P. 20(T) 4, dR
=) = - - — (23)
ep; epR - ep,R dt

a2 2 \dt
The initial bubble critical size was calculated from the pressure bal-
ance across the liquid-vapor interface [R. = 2a(T)/(P,(T) — P..)]. To
initiate the growth process, an initial small disturbance was re-
quired. In [15], it was shown that this disturbance only affects the
growth in the early stages but not the subsequent bubble growth.
The numerical results were obtained for water at atmospheric pres-
sure with a superheat of 40 °C and R.=0.527 mm. Fig. 4 shows a
comparison of the calculated results and analytical solution given
by Mikic et al. [16]. The bubble radius was nondimensionalized
with the critical radius R.. The agreement was very good with a sim-
ilar success reported in [15]. The discrepancy in the very early
stages of the growth, which is clearly visible on a log-log scale in
Fig. 4, is mainly due to the neglecting the surface tension effects
in the analytical solution.

5. Results and discussion

The main characteristics of the heat pipes used in this work are
given in Table 1. Both of the heat pipes used ammonia as working
fluid and they were made of stainless steel. In addition, the VCAHP
had a gas reservoir of 100 m® and contained 1.6 g of nitrogen as the
control gas. The heat pipes were instrumented with T-type

Table 1
Main characteristics of the heat pipes.

Main characteristics Type of heat pipe

VCAHP CCAHP
Outer diameter (mm) 12.2 12.2
Total length (mm) 2065.0 1295.0
Length of evaporator (mm) 141.0 280.0
Length of condenser (mm) 700.0 280.0
Working fluid mass (g) 25.0 15.0
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thermocouples attached to their outer wall. Heat was applied by
electric heaters and cooling was provided by a nitrogen shroud lo-
cated around a thermal vacuum chamber for the VCAHP and a
recirculating chiller for the CCAHP. More detailed description of
the test setup and the main thermal performance characteristics
can be found in [17] and [18]. Therefore, only some typical and rel-
evant experimental results are presented in this paper.

The NCG generation in the heat pipes was estimated for a con-
servative life time of 20 years by using the Arrhenius equation [kq
exp(—E4/RT)]. The constants in this equation were taken from a re-
cent experimental work [19], where ko=2.3 x10721s"! and
E4=7000] mol~. The total mass of NCG generated in the VCAHP
was calculated as 1.75 x 1073 g with 1.55 x 10~* mol of H, and
5.16 x 107> mol of N,. Considering that the ammonia decomposi-
tion will occur according to the reaction: 2NH3 — N, + 3H,, and
taking into account that 1.6 g nitrogen injected into the heat pipe
as control gas, the nitrogen and hydrogen molar fractions were cal-
culated as 99.73% and 0.27%, respectively. The similar calculations
for the CCAHP resulted in a total NCG mass of 1.05 x 103 g with
9.29 x 107> mol of H, and 3.10 x 107> mol of N..

The bubbles generated in the condenser section were analyzed
first. The bubbles in the condenser can appear as a result of one of
the mechanisms discussed above. The lifetimes of such bubbles
were calculated for three different initial bubble radii: 100, 200,
400 pm and the results obtained for the VCAHP with T, =273 K
and T.=269 K are shown in Fig. 5. In this figure, the bubble life
time is the time at which the bubble radius reaches 1/10th of its
initial radius and the bubble radius is nondimensionalized with
the initial bubble radius. The 100 pm bubble was reabsorbed in
13.6s. The time of reabsorption increased with the bubble size,
84.1 s for the 200 pm and 488.7 s for the 400 pm bubbles. This in-
crease was mainly due to the increasing volume-to-area ratio with
increasing radius.

The bubble collapse times for the CCAHP showed a similar
trend. The results were 9.9, 70.8 and 446.6 s for the three respec-
tive initial bubble radii with T, =304 K and T, = 300 K. The differ-
ence in bubble collapse times between the VCAHP and CCAHP
was both due to the different NCG fraction and different operating
temperatures. When the CCAHP bubble collapse times were calcu-
lated with the same operating temperatures as the VCAHP, it took
longer for the bubbles to collapse: 14.1, 86.2, and 496.1 s, respec-
tively. This was because of the decreased solubility and diffusivity
of the hydrogen and nitrogen with the decreasing temperature. The
bubble life time for the CCAHP was slightly longer since the hydro-
gen is approximately 1.35 times less soluble than the nitrogen at
this temperature range although the hydrogen is 1.4 times more

1.2

Dimensionless Radius (R/R;)

1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03
Time (seconds)

Fig. 5. Bubble life time for three different initial bubble radii.
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Fig. 6. Bubble life time under different warm-up rates for R; = 200 pm.

diffusive. These results suggest that the bubbles in a heat pipe prior
to startup can be eliminated by keeping the pipe at high tempera-
tures for an extended period.

In [10], the bubble collapse times were studied while thawing of
a frozen condenser at a prescribed warm-up rate. The bubble col-
lapse time as large as 64,411 s was reported for a 200 pm bubble
in a helium/methanol mixture. For the CTS pipes with 90% N,
and 10% He in methanol, the collapse time was 10,777 s. Consider-
ing a similar frozen condenser scenario, the bubble collapse times
were calculated assuming that the condenser was thawed to 210 K
after being frozen. Then, the condenser was allowed to reach its
normal operating temperature with a prescribed warm-up rate:
T.=273 K for the VCAHP and 300K for the CCAHP. Fig. 6 shows
the results obtained for the VCAHP for an initial bubble radius of
200 pm. The bubble collapse times quickly decreased with increas-
ing warm-up rates. At a certain warm-up rate, the bubble first
started to grow and then collapsed at a fast rate, see warm-up rates
0.1 Ks~! and higher in Fig. 6. At higher warm-up rates, the bubble
growth started earlier. Not surprisingly, the bubble collapse times
did not change significantly since the condenser reached its oper-
ating temperature quickly at higher warm-up rates. More impor-
tantly, the bubble growth was limited to approximately twice
the initial radius without causing an artery blockage. Similarly,
for an initial radius of 400 um and a warm-up rate of 4 Ks™', the
bubbles did not grow more than twice the initial radius. Limiting
the condenser warm-up rates for large radius bubbles will clearly
be desirable to avoid a potential condenser blockage. At the same
time, the bubbles collapsed much faster at high warm-up rates.
Thus, there is an optimum warm-up rate for a given bubble initial
radius. In any event, avoidance of freezing is needed to avoid risk of
condenser artery blockage as it was also recommended in [10].

A comparison of the bubble collapse times for both heat pipes
starting from a bubble initial radius of 200 pm as a function of
warm-up rates are shown in Table 2. The evaporator temperatures
were 269 K for VCAHP and 304 K for CCAHP. All the bubble collapse
times listed in Table 2 were higher than the previous values ob-
tained for the normal operating temperatures as a result of

Table 2
A comparison of the bubble collapse times as a function of warm-up rates.

Type of heat pipe  Warm-up rate (K/s)

0.0 0.05 0.1 0.5 1.0 2.0
Bubble collapse time (s)
VCAHP 50785 12338 887.7 5964 5593 536.1
CCAHP 24,268.0 1888.1 13229 840.6 781.7 753.2
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decreasing solubility and diffusivity of hydrogen and nitrogen with
decreasing temperature. The bubble collapse time for the CCAHP at
a low condenser temperature (without condenser warm-up) was
remarkably high since the hydrogen solubility dropped very
quickly at low temperatures and reached a very low value
(4.85 x 107°1 atm™') at 210 K. This delayed the reabsorption of
the bubble and its effect was more pronounced for the CCAHP be-
cause of the higher hydrogen mole fraction inside the bubble.

The collapse times for the CCAHP were longer than those for the
VCAHP for all cases studied. This was again due to the strong
dependence of the hydrogen solubility on the temperature. From
300 to 210K, the hydrogen solubility decreased 16.2 times,
whereas the nitrogen solubility decrease was 10.2 times. This re-
sulted in a Ny/H, solubility ratio variation from 2.5 at 210K to
1.6 at 300 K. Obviously, the CCAHP was most affected by these
variations due to the higher hydrogen mole fraction.

Following the study of bubbles in the condenser section, the
bubble life time in the evaporator section was studied. The bubble
formed in the condenser or adiabatic section can be carried to-
wards the evaporator by condensate flow [20]. Considering that
the subcooled condensate normally reaches the evaporator as sat-
urated liquid [21] due to the heat transfer from the vapor flow in
the adiabatic section and pressure drop in the artery, the arterial
liquid will be superheated in the heat input region, leading to the
growth of the transported bubbles. Alternatively, boiling can be
initiated in the evaporator region in the microcavities of the artery
wall. The bubble growth rate as a function of the superheat was
calculated and the results are shown in Fig. 7. The superheat in
the evaporator is very difficult to measure and no measurements
were reported in the literature. The incipient superheat has a sto-
chastic nature and depends in a complicated way on many factors
including presence of NCG, surface and fluid properties. As a result,
a range of superheats from 1 to 6 K was studied. For these calcula-
tions, a bubble initial radius of 200 pm was considered and the cal-
culations were run until the bubble reached a radius of 1 mm. The
bubble diameters were nondimensionalized by the artery radius.
Not surprisingly, the bubble growth rate increased with the super-
heat. For comparison, the bubble growth time to reach the artery
hydraulic radius was 2.99, 0.75, 0.19 and 0.08 s, respectively for
the superheats studied (1, 2, 4 and 6 K). In the evaporator, higher
superheats are of course possible. In this case, the bubble will grow
and block the artery almost instantaneously. These results clearly
show that the artery blockage is almost unavoidable if a bubble
reaches the evaporator section. Therefore, it is hardly possible for
the heat pipes with the presented artery design to operate without
the help of the menisci coalescence method. It should be noted that
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Fig. 7. Bubble growth time in the evaporator under different superheat values for
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Fig. 8. Time required to block the artery as a function of liquid superheat at two
different operating temperatures.

the venting pores will result in an increase in the pressure drop;
therefore, the pores were limited to the most critical evaporator
section.

In [22], the bubble migration due to thermocapillary flow in the
surface of a bubble was studied. It was suggested that the bubble
mobility can be increased by introducing a small amount of inert
gas especially in low gravity environment. Based on this work, it
can be speculated that the control gas in a VCAHP could be bene-
ficial in helping bubbles move towards to the evaporator and thus
decreasing the potential artery blockage risk for space applications.

The results obtained for the CCAHP followed the same trend
since the growth times were dominated by the phase change of
ammonia and the influence of the NCG composition inside the bub-
ble on the results was secondary. Since the CCAHP was tested at a
higher operating temperature, the bubble growth times were dif-
ferent. Fig. 8 shows the time required to block the artery as a func-
tion of liquid superheat calculated at the operating temperature of
304K for the CCAHP and 273K for the VCAHP. Note that the
growth time almost linearly decreased with the superheat on a
log-log scale. The time required to block the artery was increased
approximately 7.8 times when the operating temperature was in-
creased 1.11 times.

One remaining question is whether the NCG-supported bubbles
generated in the condenser will grow while being convected to-
wards the evaporator, either because of the gas insertion into the
bubble or coalescence of the smaller bubbles to form large elon-
gated bubbles, eventually blocking the artery. The experimental
work carried out in [10] indicated that the bubble merging mech-
anism was statistical. In another experimental work [9], it was ob-
served in glass systems that the arterial bubbles were statistically
to be more elongated than spherical. The spherical bubble model
presented in this work cannot be used to analyze the merging of
bubbles immersed in an arterial flow. Saaski [20] studied the
dynamic stability of sausage-shaped arterial gas occlusions by con-
sidering a fully developed laminar pipe flow along with a steady-
state occlusion of given length to propose a simplified criterion
for the occlusion growth. It was found that the elongated bubbles
may require days to dissolve back into the working fluid. At the
same time, low arterial flow can significantly contribute to gas dis-
solution and shorten bubble life time.

For our design, as a worst case scenario, the elongated bubbles
formed by merging of small bubbles may block the arterial flow,
resulting in an evaporator dry out. Then, they should continue to
grow until they reach the evaporator. Once an elongated bubble
reaches the evaporator, it will be vented through the venting
pores, leading to priming of the artery. Since the mathematical
model cannot directly validate this scenario, the heat pipes were
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Fig. 9. Temperature profiles (a) for the rapid startup test (from 0 to 300 W) (b) for rapid cooldown test (from 293 to 278 K).

tested at various adverse conditions to investigate arterial block-
age possibility. Two typical experimental results obtained by
applying a large startup power up to 95% of maximum load and ra-
pid condenser cooldown tests for the CCAHP are presented in
Fig. 9(a) and (b), respectively. For the rapid startup test, the heat
load was increased instantaneously from 0 to 300 W. In Fig. 9(a),
the thermocouples located in the middle of the evaporator, adia-
batic and condenser sections were shown. During this test and
similar large step startup tests, there was no indication of arterial
blockage. In Fig. 9(b), when the heat pipe was at equilibrium under
a heat load of 300 W and a sink temperature of 293 K, the sink
temperature was suddenly dropped to 278 K. The first four evapo-
rator thermocouples, (The first one was 5 mm away from the evap-
orator end and the others were subsequently located at 10 mm
intervals.) and the thermocouples in the middle of the adiabatic
and condenser sections are shown. The evaporator thermocouples
responded approximately 30 s later than the first drop observed in
the condenser thermocouples. The first three evaporator thermo-
couples rose temporarily and then dropped to the level of other
evaporator thermocouples. This behavior suggested sudden boiling
in the small region closest to the evaporator end. Then, the bubbles
vented through the venting holes and artery was rewetted. How-
ever, the heat pipe did not experience a full deprime as evidenced
from the other evaporator thermocouples. It should also be noted
that the same test was repeated five times and the temperature
rise of the first there thermocouples was random. In two cases,
there was no increase. The result presented in Fig. 9(b) was the
largest temperature overshoot observed. The random nature of
bubble formation is not surprising because of the statistical nature
of nucleation.

The startups were also performed at an adverse elevation (evap-
orator over condenser) to help moving the NCGs towards the evap-
orator prior to a startup. No sign of arterial blockage was observed
at elevations up to 3.2 mm. However, the arterial heat pipes were
found to be very sensitive to the adverse elevation. The static cap-
illary limit of this artery was estimated to be about 6.3 mm and the
pipe performance dropped quickly when the elevation approached
to this value.

In [11], for the tapered artery heat pipe design, it was found
that longer heat pipes (9144 mm) showed random pipe failures
following a freeze/thaw cycle whereas tests with shorter pipes
(3048 mm) under the same conditions did not result in a failure
of the heat pipe. This was attributed to the longer bubble travel
times in longer heat pipes, providing sufficient time for bubble
coalescence. Although the heat pipe in [11] has a very different de-
sign, caution is necessary in general for very long heat pipes. It
should also be added that deprime in [11] was observed when
the bubble entered the artery of the evaporator which was identi-

fied by the calculated bubble transport time. Based on this obser-
vation, the venting holes in our pipes should be able to vent large
bubbles as it was discussed previously, allowing the use of longer
pipes. More testing is required to demonstrate the robustness of
the arterial design under other unfavorable conditions.

Finally, a discussion on the relations used for Henry’s constant
and diffusion coefficients are necessary. In [13], the relations for
Henry’'s constant were confirmed with the earlier experimental
works and shown to be better than the earlier correlations. How-
ever, the relations for diffusion coefficients were more uncertain.
We compared several diffusion correlations published. The differ-
ence between some correlations was up to 30%. Tyn-Calus [14]
correlation was chosen because of the lower error reported and
closer match to the fluids studied in this work. It was shown that
different diffusion correlations can influence the bubble collapse
time up to 20% by using extreme values. However, this uncertainty
in diffusion coefficients does not influence the general trend pre-
sented or conclusions.

6. Conclusions

The NCG-supported bubbles in a VCAHP and CCAHP using a un-
ique artery design were studied. Some past AHP designs were re-
viewed and the failures induced due to the NCG-supported
bubbles in these pipes and proposed solutions were discussed. The
one-dimensional time-dependent mass diffusion, momentum and
energy equations in spherical coordinates were solved by the FEM.
To tackle the moving boundary problem of bubble interface, an
ALE method was implemented into the FEM solver. The numerical
method was validated by the well-known homogeneous bubble
nucleation problem. The resulting equations were solved for two dif-
ferent scenarios: the first scenario involves mass diffusion of NCG
molecules back to the working fluid in the condenser and the second
one is governed by the evaporation on the bubble interface in the
evaporator. These two problems were solved separately since the
dissolution of the NCGs into the working fluid was found to be much
slower than the bubble growth due to the evaporation of the fluid
into the bubble.

The NCG-supported bubbles in the condenser were collapsed
relatively fast at the expected normal operating temperatures.
The reabsorption time increased quickly at low temperatures and
this was governed mostly by the quickly decreasing solubility of
hydrogen with temperature. If the condenser is frozen during a
mission, it seems that there is an optimum warm-up rate to accel-
erate the bubble collapse without causing an artery blockage. If the
bubbles were carried to the evaporator, it was shown that they ex-
panded very quickly because of the superheated liquid in the
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heated region. However, the blocked evaporator artery, either due
to the growing bubbles in the evaporator or an elongated bubble
formed by merging of smaller bubbles reaching the evaporator,
will prime quickly because of the venting pores on the arterial
mesh. The experimental results under unfavorable conditions,
including rapid startup, condenser cooldown and adverse elevation
demonstrated the robustness of the arterial design and its rapid
self-priming capability.
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