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Two-phase mechanically pumped fluid loops have the potential to provide numerous benefits for space-
craft based applications. Here a hybrid two-phase capillary and mechanically pumped fluid loop that
shows promise for spacecraft thermal control applications is analyzed and its operational limits are char-
acterized. Data from an experimental system that incorporates a 3D printed evaporator is correlated to
several models that together provide a comprehensive characterization of the system behavior. The loop
performance is analyzed using pointwise as well volume-averaged governing equations and resistance
network models, to predict flooding and dryout limits. Also, system-level numerical (including 3-D CFD
simulations) transient and linear-response analyses are performed predicting the changing loop phase
distributions and the observed time-dependent behavior. With the 3D-printed evaporator, a notably high
evaporator conductance of 30 W/cm2-K and heat flux over 10 W/cm? over large area are achieved with
negligible temperature non-uniformity.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction and background

The increasingly ambitious human and robotic exploration of
our solar system requires the development of advanced thermal
control technologies in order to sustain extra-terrestrial vehicles
in extreme environments [1]|. Two-phase thermal control systems
such as heat pipes and loop heat pipes (LHP) are considered some
of the most effective thermal control systems currently available
and are commonly used on spacecraft due to their high thermal
conductance per unit mass [2]. Over the past several decades, there
has been an effort to extend the capability of two-phase thermal
control systems through the development of two-phase mechan-
ically pumped fluid loops for spacecraft [3]. NASA has formally
identified the development of a two-phase mechanically pumped
fluid loop as an enabling technology for certain missions [1]. In
pursuit of this goal, NASA JPL is currently developing a two-phase
mechanically pumped fluid loop for spacecraft systems to enable
the next generation of solar system exploration [1].

Many two-phase mechanically pumped fluid loop architectures
have been proposed for spacecraft systems each with different
strengths and weaknesses [4]. The two-phase MPFL discussed here
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is a derivative of the system first proposed by Park et al. in 2005
[5] and with minor variations by Hoang et al. in 2007 [6]. This
class of two-phase MPFLs are hybrid systems that utilizes both a
mechanical pump as well as capillary pumping in the evapora-
tor. In particular, they include the addition of a mechanical pump
and bypass line to enhance the system operating characteristics.
These systems have their heritage in the Capillary Pumped Loop
(CPL) largely developed by NASA in the 1980’s [7] and the sub-
sequent hybrid capillary-mechanically pumped heat transport sys-
tems developed in the following years [3]. CPLs and the closely re-
lated Loop Heat Pipe (LHP) are limited in their operation due to
their reliance on the capillary pumping provided in the evaporator-
pump. The addition of the bypass line and mechanical pump sup-
plement the pumping capability of the evaporator pump and al-
low for transporting larger quantities of heat over longer distances
as well as enable the accommodation of higher heat fluxes [8,9].
Several investigations have explored the hybrid CPL discussed here
with encouraging results [5,6,3]. The particular embodiment of the
system discussed here was first presented in 2019 [8]. Positive at-
tributes of this system include minimal power requirements, mini-
mal two-phase flow regions, and operational robustness [8]. These
are critical attributes for spaceborne systems where power, pre-
dictability and robustness are crucial.

This class of hybrid mechanical/capillary pumped loops con-
trasts with the majority of two-phase MPFLs developed for engi-
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Nomenclature

A area (m?)

G inertial resistance coefficient (1/m)
Cp specific heat (J/kg-K)

D diameter (m)

f friction factor

g gravity (m/s2)

h height (m)

Ahyg heat of evaporation (J/kg)

J Jacobian matrix

K permeability (m?2)

k thermal conductivity (W/m-K)
L1 length (m)

M mass (kg)

M mass flow rate (kg/s)

m mass flux (kg/m2-s)

N,n number of plates, number of divisions
Nu Nusselt number

p pressure (Pa)

Pe Péclet number

Pr Prandtl number

Q heat load (W)

q heat flux (W/m?)

R; thermal resistance (K/W)

Ry hydraulic resistance [Pa/(kg/s)]
Re Reynolds number

S; source term (kg/m2~s?)

r radius (m)

T temperature ( °C)

t time (s)

u velocity (m/s)

1% volume (m?3)

W, w width (m)

X vapor quality

X state vector

Xo equilibrium point

Greek Symbols

thermal diffusivity (m?/s)
liquid thickness (m)
variation

porosity

surface roughness
eigenvector

eigenvector of the transposed Jacobian
eigenvalue (1/s)

viscosity (Pa-s)

density (m3/kg)

surface tension (N/m)
time constant (s)

contact angle (°)

Subscripts

accumulator
ambient

boil-off

capillary, condenser
critical heat flux
capillary-viscous
dryout

evaporator

coolant, flooding
gas/vapor

h heater

i inlet

l liquid

lg saturation

m mass

max maximum

n nominal

0 outlet

p pore, plate
ph preheat

S surface, solid
sh superheat

t thermal

u hydraulic

w wick

Others

() spatial average

neering applications that utilize a “mixed-flow” design where the
working fluid is exclusively circulated by a mechanical pump and
partially vaporized in the evaporator. These “mixed-flow” designs
lead to the presence of two-phase flow in the transport line be-
tween the evaporator and the condenser [10]. The presence of
two-phase flow in the transport line has three negative implica-
tions for space born systems: (1) two-phase flow is notoriously
hard to predict in microgravity; (2) two-phase flow has larger pres-
sure drop and consequently requires more pumping power; and
(3) two-phase flow is prone to multiple instabilities [11,12]. The
hybrid two-phase MPFL architecture described here largely avoids
these issues by avoiding the development of two-phase flow in the
transport lines.

The hybrid mechanically pumped fluid loop (MPFL) considered
here is shown in Fig. 1(a) with its main components, control de-
vices and sensors. The pump is upstream of the 3D-printed evap-
orator (phase-change line) and the liquid bypass lines. Fig. 1(b)
shows the schematic loop diagram with the key thermal and hy-
draulic resistances. The key loop variables are marked in red.

Starting at the pump exit, loop point 1, the system branches
into two main lines: the phase-change and bypass lines. In the
phase-change line are located the 3D-printed evaporator and the
condenser, which are connected by the vapor line. The flow rate
in this line (under stable operation) is pure vapor and determined
by the heat load on the evaporator (as in a CPL), with any extra
flow directed through the bypass line (a needle valve determines
the pressure drop). Loop points 2 and 3 are the evaporator inlet
and outlet. The two lines merge downstream from the condenser,
at point 4, and an additional heat exchanger is used to provide
subcooling. An accumulator is located between the subcooler exit,
point 5, and the pump inlet, point 6.

The thermodynamic state in the accumulator is externally con-
trolled, thus setting the pressure reference for the system (fixing
the saturation condition in the evaporator). Further details are pro-
vided in [8,13].

Here, a numerical model of the system is developed and the
operational limits are examined. In particular, the flooding, dryout,
liquid boil off and wick superheat limits are defined for the system.
Additionally, operational stability regimes of the system are charac-
terized using steady-state and transient analyses (including linear
response). The results of the analysis are shown to agree with ex-
perimental data acquired during a test campaign of a breadboard
system developed at NASA JPL .

We begin with a description of the key components in the
breadboard two-phase mechanically pumped fluid loop as well as
the tests used to explore the operational limits of the system. The
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Fig. 1. (a) Physical image, and (b) schematic of the JPL MPFL showing the key loop
components, controls, and sensors. The schematic also highlights the key loop vari-
ables (e.g., mass flow rates, pressures and temperatures) and hydraulic and thermal
resistances. The red marked variables are use in the dynamical analysis.

remainder of the paper focuses on the analysis and which define
the operational limits of the system. Finally, it is shown that the
predicted steady-state and transient behavior allow for estimation
of the 3D-printed evaporator permeability and maximum capillary
pressure, which are in agreement with their estimates by other
means (e.g., CFD simulations).
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2. JPL two-phase MPFL and data
2.1. Loop components

A. Evaporator

A unique monolithic planar 3D printed evaporator is used in the
system, that is operationally similar to a CPL evaporator [13]. The
evaporator is a critical component in the loop, and estimation of its
effective thermal conductivity (k) and permeability are discussed
in Appendix A. The wick thermal resistance is

(8)w

KA (M

Rt,w =

where (8)y is the average distance from the heater to the evap-
orating meniscus, given in Table 1, validated with bask surface IR
imaging from [8] and A;; = wglg is the cross-sectional area of vapor
path, symmetry conditions were used, thus using half distances, il-
lustrated in Fig. 2.

The evaporator is made from a 3D-printed aluminum alloy us-
ing is compatible with ammonia (the breadboard working fluid).
The additive manufacturing method Direct Metal Laser Sintering
(DMLS) is used, allowing suitable selection of alloys and proven
ability to produce porous wicking structures [14]. Two similar
evaporator designs with the same composition were used and are
schematically shown in Fig. 2 alongside a SEM micrograph of the
wick structure. The SEM was taken from an unused sample man-
ufactured from the same batch as evaporator 2, using the same
parameters and materials for DMLS, so it is representative of the
evaporator 2 wick. Thin layers of fine metal powder (particle size
in the order 60 pm) are deposited on a build plate and a laser
is used to fuse the metal powder in that layer in the controlled
regions, building the part by layers. The process occurs layer-by-
layer, from the bottom to the top. The DMLS allows for part den-
sity to be varied from fully dense to porosities up to 40%, making
it suitable for manufacturing a complex two-phase loop evaporator
such as those shown in Fig. 2 [15].

Both evaporators have a set of vapor channels that are sepa-
rated from the liquid channels with a porous wick, however Evap-
orator 1 has wick material between the heated surface and the va-
por channels, while Evaporator 2 has an array of porous fins that
meet the heated surface. The pore-size related data will be dis-
cussed in Appendix A (Section A.2). The second design with the
porous fins bounding the vapor channel, evaporator 2, supports
higher operation pressures (up to 1.39 MPa). The manufactured
evaporator 2 is illustrated in Fig. 3(a). Fig. 3(b) shows a CAD view
of this 3D-printed evaporator and a schematic representation of
the porous fins that bound the vapor channel.

The capillary pressure of the 3D-printed wick, aided by the
forced liquid flow pressure drop across the bypass line, balances
the pressure drop in the vapor line and the wick (evaporator), i.e.,

Dc= D3 —P2= Mlg(Ru,g +Ruw) — MlRu,l, (2)

where the pressure drop across the vapor line, wick, and bypass
line are the product of the mass flow rate and the hydraulic resis-
tance, Ap; = M;R, ;. The sum of the vapor line and wick hydraulic
resistances is the phase-change line resistance, and the hydraulic
resistance of the bypass line is determined by the needle valve,
which provides an additional control to accommodate the pressure
drop that surpasses the maximum capillary pressure at high heat
loads The gravity effect (hydrostatic pressure) is negligible, since
all loop components were arranged horizontally. The hydrostatic
pressure within the wick is < 0.1p¢ mqx and within the accumulator
is < 0.05pc.max- The pressure differential between the accumulator
and the system is due to temperature difference (26 °C and 20 °C).
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Table 1
JPL LHP parameters and conditions, including hydraulic and thermal resistances, and mass and geometric parameters of the components.

Thermal resistances
and cooling loop

Hydraulic resistances parameters Accumulator Condenser Evaporator

Ru.» 1.8x105 R 3161074 Mg, 0.06 Accr 1.64x10°5 W, 101.6 L, 200 g, 1
Pa/(kg/s)' °C/W kg m? mm mm mm

Ruw, 1.9x10°¢ Re.c, 3.39x103  V,, 0.0065 Ap, 0.307 Ly, 299.0 W, 200wy, 1
Pa/(kg/s) °C/W m3 m? mm mm mm

Rug, 3.3x10°¢ Res, 339 x 1073 M, 6.28 he, 1.6 hy, 1 M., 1
Pa/(kg/s) °C/W kg mm mm kg

Ruc 3.3x106 Tre 293.15 V., 24x107%  Ny/Nes 5/5  hy, 4 (8w), 0.67
Pa/(kg/s) K m’ mm mm

1 Bellows-sealed metering valves Technical Manual [19].

Evaporator 1
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Fig. 2. Schematic of a section of the evaporators 1 and 2 and their geometric parameters. The SEM micrograph of the evaporator wick surface is also shown. At the bottom,
the evaporator wick relevant operational limits ae shown.

Evaporation
site Vapor channel

1 mm Liquid reservoir

Fig. 3. (a) 3D-printed evaporator assembled with casing showing the single liquid inlet and three vapor inlets. (b) CAD view of the 3D-printed evaporator with schematic
representation detailing the wick geometry, highlighting evaporation sites and vapor channel.
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Fig. 4. (a) Physical image of the dimpled plate condenser heat exchanger with a
longitudinal cut. Performance variations of condenser (b) overall thermal resistance
and heat flow rate, and (c) pressure drop with respect to the coolant volumetric
flow rate. An operational point at high coolant flow rate is also marked.

The evaporator is subject to several dryout limits illustrated
in Fig. 2, mainly the capillary-viscous (and the superheat/boil-off)
limit determined by the wick design, and the dryout/flooding lim-
its which depend on the loop performance.

Capillary-viscous limit, qcyrc—y : this is under no mechanical
pumping, where the maximum capillary pressure (occurs in the
monolayer) is balanced by the summation of all viscous and in-
ertial pressure drops occurring along the liquid and vapor paths
(which depend on the mass flux).

Wick flooding and dryout limits, qcyr f and gcHF, d : these occur
under hybrid operation and when the dynamic pressure difference
across the wick is large enough to force extra (over the capillary-
only flow) liquid across the wick or prevents the wick from pump-
ing the liquid due to excessive vapor flow resistance.

The other limits are discussed in Appendix B.

B. Condenser

A cutaway image of the condenser and subcooler dimpled-plate
heat exchanger is shown in Fig. 4(a). The heat exchanger thermal
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resistance is [16]

1
(Rehe) = 7o~y
(Mcp)minehe
with the heat exchanger effectiveness calculated as €, = 1 — e NTU
and the number of transfer units

NTU = ;, (4)

Rs (Mc,)

and the overall resistance Ry, is the series combination of the
surface-convection resistance in each stream

3)

min

Ry =Rc1+Reo. (5)
Dy
Rj= -
ol ApklNUD,h ’ (6)

with the geometric parameters are listed in Table 1. The Nusselt
number for the coolant side takes into account the dimple en-
hancement [17]

NuD'h B SL ST 0.0206
() (5

where S; = 8.7 mm is the dimple longitudinal spacing, St =
3.8 mm is the dimple transversal spacing, D= 7.78 mm is the
dimple diameter, and Nu, is the Nusselt number for two paral-
lel plates with no dimples, Nu, = 7.54 for fully-developed laminar
flow (Rep j < 2300). The Reynolds number based on the hydraulic
diameter and the Prandtl number are

_ Dy _ MGy

, Pr= ko (8)

0.0827

ReD,h

On the working fluid side, the phase-change Nusselt number is
[16]
5.03Re;[2Pr}” >, Rej <5 x 10°
Nup p = 4/5p.1/3 4 (9)
0.0265Rel‘eqPr, . Rejeg>5x10

where the equivalent Reynolds number is

Rey.oq = m;f“, (10)

and the equivalent mass flux is

12
Ty = 1 (1—x)+x(£’> , (11)

g

with x = rig/m; is the vapor (thermodynamic) quality.

The condenser thermal resistance is shown in Fig. 4(b) as a
function of the volumetric flow rate. At high coolant flow rates,
the heat exchanger resistance reaches a plateau. The red circle in
Fig. 4(b) denotes the baseline resistance used to match the re-
sults from [13,8]. The coolant volumetric flow rate was determined
from the chiller pump and the variations of coolant-line pressure
drop with volumetric flow rate are shown in Fig. 4(c), alongside
the chiller pump curve from the manufacturer manual [18]. The
coolant operation point is about 3.4 gal/min or 770 L/h.

C. Pump

The mass flow rate in the system is controlled by the pump
speed. From Fig. 5, the operation point is identified as the inter-
section of the pressure drop in the system with any of the pump
curves. The system curve is determined by points 1-4-5-6-1 in
Fig. 1(b). The lengths of segments are given in [8] and the pipe
diameter D = 4.57 mm. The pressure drop is calculated using the
Darcy-Weisbach equation [20]

ot L

Ap=f=HtE. (12)
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Fig. 5. Performance variations of pump pressure drop with respect to the mass flow
rate, for three pump rpm values. The system pressure drop curve for two different
heat loads is also shown. Note that the larger heat load has a smaller pressure drop
due to the relative configuration of hydraulic resistances in the vapor and bypass
lines.

where f is the friction factor, calculated as f = 64/Re; if Re <
2300, otherwise the Colebrook-White equation [21,22]

1 € 2.51
W = —2log <37D+W>. (13)
with
Re, = 2L (14)

17

is used. All bends were assumed to be 90°, with an equivalent
length of 30D each. The adopted valve resistance in the bypass line
is shown in Table 1, determined from the manufacturer [19]. For
each flowmeter, the quadratic relation available in [8] is used.

Fig. 5 shows the pump curve for three different rotations and
the system curve for two different input heat loads. Since there is
a valve with a large pressure drop resistance in the bypass line, by
reducing the mass flow rate through it (increasing Q), the system
pressure drop is also reduced.

By varying the pump speed, the operation point jumps between
performance curves, this can be used to assess the stability of the
system. The pump rotation is an additional control parameter.

D. Accumulator

The accumulator model is shown in Fig. 6, with the initial state
as

M, — pgV,
Vi = o Pela (15)
P1— Pg
Mg — pgVa
Vyo = Vy — 0~ FPela (16)
g0~ P1— Pg

where M, is the total mass in the accumulator at t = 0 s, and V,
is the accumulator volume. From the time integration of the entire
system, the mass leaving the accumulator to compensate for heat
input is

B Qg Qc
AM; = _<Ah,g - Ah,g> At, (17)

where Q,g and Q. are the heat absorbed in the evaporation and re-
jected at the condenser. The thermodynamic state is determined by
the external control (fixed accumulator saturation state), so there
is no vapor expansion (which requires additional fraction of liquid
evaporating to occupy the vapor space). From the volume and mass
conservation in the accumulator, we have

AV, =~V = -2, (18)
1
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AMgq = pgAVy = —%AM,J, (19)

AMj 5 = —AMgg. (20)

Although the phase-change kinetics is not modelled here, it is
assumed instantaneous. This is justified since the time constant
associated with interfacial evaporation is much smaller than the
thermal time constants discussed in Section 5. The total liquid
mass change in the accumulator is

Ml.a,f — M[,a_o = AMI.I + AM[,Z = —(l + &) (ng — QC)A’.'

These relations area also used in transient form to complete the
system modeling.

2.2. Operational limits

The evaporator dictates the dominant limits of the hybrid CPL
operation, and its design is illustrated in Fig. 2. The wick maximum
capillary pressure is based on the maximum surface pore radius
[13]

20 cos 0. (22)

Pcmax =
T'pore

The micrograph in Fig. 2 shows large surface pores up to
108 pm, which correspond to a pcmax = 300 Pa. This value is also
verified by a CFD analysis of pressure drop in the evaporator wick.
The contact angle for ammonia-aluminum was taken as the same
as that for acetone-aluminum, 6 = 19.4° [13], a conservative ap-
proach since most authors use 6 = 0° The surface tension is o =
20 mN/m, and varies less than 4% in the range of saturation tem-
perature considered.

The pressure drop in a porous media by the Darcy law is [23]

mi{ul -l
Ap="—p = =My i (23)
where the term multiplying the mass flow rate is the wick hy-
draulic resistance Ry .

The vapor-line pressure drop uses the Colebrook-White expres-
sion from Eq. (13) with the so-called unified model [24,25], with
a single relation covering the entire range (laminar, transition, and
turbulent) of Reynolds number
Re, = PeluglD. (24)

g
with switch functions to interpolate between the regimes. In [25] a
unified model smoothly captures the transitions between flow
regimes, resulting in a more accurate pressure drop and follows
the inflectional shape [26], showing a slight decrease in the fric-
tion factor before reaching the maximum value governed by the
roughness. The tube roughness is estimated to be & = 0.002 mm.

The capillary-viscous dryout limit is related to pc max, and from
Eq. (2)

Ahlg[I:’C.max + (Mlg + Ml)Ru,l]
Ap(Ryg+ Ry + Ruw) ’

For R, ; = 0, this give the capillary-flow-only heat flux limit.

When the bypass-line pressure drop is too large, such that the
evaporator wick can no longer control the flow rate in the phase-
change line, the evaporator becomes flooded. The flooding limit is
the low heat load operation limit. The capillary pressure is the dif-
ference between the vapor and liquid pressures across the menis-
cus. When the sign of this pressure difference changes, the menis-
cus inversion is observed.

AcHF.c-v = (25)
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Fig. 6. Schematic of the accumulator model showing the changes in the liquid and vapor volumes in response to heat input/withdrawal. It is assumed the fluid remains in

saturated state.

Table 2
Range of liquid flow rate and heat load in evaporator 1 and 2
tests and observed operational limits.

Evaporator ~ M,(g/min)  Q(W) Operational limit
1 90-210 60-850 Dryout, flooding
2 90 100-400  Dryout, flooding

Dryout occurs when the pressure difference across the menis-
cus is larger than the maximum capillary pressure, predicted by
Eq. (22). Similarly, flooding occurs when this pressure difference
becomes negative. In Eq. (2), i.e., the pressure difference across the
wick has to be larger than zero, and the flooding limit, i.e., the
minimum heat flux, is

_ Ahy (Mig+ M)Ry,
ACHE.f = A Rug + Ruy + Ruw)”

(26)

From Eq. (26), under no resistance in the bypass line, the flood-
ing limit is zero, i.e.,, as long as there is heat load, no flooding is
observed. This is an idealization, and the flooding limit does de-
pend on the bypass-valve arrangement. Flooding is also affected
by the vapor pressure variation inside the evaporator.

The flooding and dryout limits are well established in the ex-
perimental data. (The wick superheating Qcyr g, and liquid channel
boil-off Qcyr j, are discussed in Appendix B).

2.3. Loop test data

The time variations in the measured temperature, heat load,
and mass flow rate are shown in Fig. 7 for tests with the two evap-
orator designs. The observed oscillations in the vapor mass flow
rate and the evaporator inlet temperature are investigated below.
Table 2 summarizes the range of test conditions. Instabilities such
as mass flow rate-induced flooding and heat load-induced dryout
are observed. Fig. 7(a) shows the time variations in mass flow rate,
heat load and temperature measurements for evaporator 1 (Test
23). The oscillations observed in the vapor mass flow rate and
in the evaporator inlet temperature for t > 6 h correspond to the
flooding instability. The same variables are shown in Fig. 7(b) for a
test with evaporator 2 (Test 47). The spike in the evaporator outlet
temperature for t < 6 h corresponds to the dryout limit. Transient
prediction of the flooding and dryout events and their mechanisms
will be addressed in Sections 4 and 5.

3. Steady state analysis and operating regimes

Following the schematic shown in Fig. 1(b) with the relevant
hydraulic and thermal resistances, the conservation and state con-
ditions applied to each component and at the junctions are:

evaporator (e) mass conservation

M, = %hg’g, (27)
momentum balance - wick pressure drop

P1 — P2 = MjgRyw. (28)
energy balance

Q = Qi + Qpn = MigAhyg + Mlgfp,l(Te.lg - Tl)v (29)
Q= "k (30)

thermodynamics - equation of state for saturated ammonia [27].
vapor line (g)

P3 — Pa = MjgRug. (31)
condenser (c) - mass conservation
. Qc
My = —— 2
‘= A (32)
momentum balance
Py — Py = McRu,c, (33)
energy balance, R c = f(Qg)
Veig (va’g B Tf-C)
=== -7 34
Q V. R (34)

Thermodynamics (ideal gas and Clausius-Clapeyron equations)

P = PgReT (35)
1 l —Rg p4/
_——— =" ln( ) 36
Tc,lg Tlg,3 M Ahlg D3 ( )
adiabatic liquid mixing junction (j) - mass conservation
Mt :Mlg'i'Ml’ (37)

momentum balance

P1— Pa=MR,. (38)
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(b) Evaporator 2 - Test 47
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Fig. 7. Measured time variations of the mass flow rates, heat load, and temperatures for Tests (a) 23, and (b) 47. The mass flows include the total, liquid bypass line (with
smoothened presentation), and vapor line. The temperatures designation corresponds to Fig. 1(b). These excerpts of test data illustrate nominal steady state behavior for
different heat loads (Test 47, 1.6 hr to 5.6 hr), dryout (Test 47, 5.7 hr), flooding due to a change in mass flowrate (Test 23, 5.8 hr) and residual oscillations from a dryout

event (Test 47, > 6 hr).

energy balance

Mecp Ty = Mccp Ty + Micp, i Th, (39) Q- Qs =0. (44)
subcooler (s) - momentum balance
Pa— D5 = MtRu,s, (40) Egs. (43) and (44) are solved simultaneously to determine the
steady-state operation.
energy balance
. Tra— T,
Q= Micyi(Tis — Tia) = HH—=, (41)
.S
pump (p) - momentum balance 3.1. Loop and model parameters
P1—De=Ap,=f (M[) (42) The conditions (geometric parameters, thermodynamic proper-
Overall balances ties, fixed temperatures, etc.) are listed in Table 1. The relevant hy-
draulic and thermal resistances and the geometric specifications of
Qg—Q: =0, (43) the accumulator, condenser, and evaporator are also listed.
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Fig. 8. Comparison of the measured and predicted (broken line) vapor mass flow
rate for Tests 12-17, 20-25 and 45-47. The experimental points represent mismatch
between measured and predicted mass flow rate in the vapor line, indicating the
possibility of an unstable event or measurement error.

3.2. Range of heat and mass flow rates in the tests

Fig. 8 compares of the measured variations in the vapor mass
flow rate measured in the experiments as a function of scaled heat
load (divided by the heat of evaporation). The vapor mass flow
rate is the difference between the total and bypass line mass flow
rates, Eq. (37), and the predicted ideal behavior is shown with the
straight, broken line from in Eq. (27). The test with measured va-
por line mass flow rate above the line, indicates flooding behavior.

Figs. 9(a) and (b) show the predicted flooding and dryout
boundaries (dotted lines) by Eqs. (25) and (26), respectively, and
the experiments with evaporator 1 using circles, with red circles
for dryout, blue for flooding, and black for stable states. Squares
show experiments with evaporator 2.

For best fit to experimental results, the predicted boundaries
use a wick permeability of 0.2 ym?, lower than the previously re-
ported value of 0.3 pm2. This is within the experimental uncer-
tainty reported in Appendix A. Two other limits, namely the pre-
dicted liquid channel boil-off limit Qcyr, = 1000 W and the wick
superheat limit Qcyrg, = 2800 W, are described in Appendix B,
and are outside the limits found experimentally. The regime di-
agrams obtained from the dynamic stability regimes will be dis-
cussed in Section 5.

4. Transient analysis of flooding and dryout

The transient analysis assumes the initially stable state under-
goes a sudden change in either the heat load or the mass flow
rate and moves toward a new steady state condition. The gov-
erning equations are from the steady-state model described in
Section 3 but rewritten in transient form and represent the operat-
ing condition and the loop architecture. These have been discussed
in [28].

As in Section 1, the accumulator controls the liquid tempera-
ture at the evaporator inlet and consequently the saturation tem-
perature, so

dT,
5 =f(p®) =0. (45)
For hybrid loop, a seven-equation model is adopted with the
variables being the heater surface temperature Ts; the two-phase
fraction of the condenser V, g; the subcooler temperature T;;; the
phase-change mass flow rate M,; the bypass line mass flow rate
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M;; and the mass of liquid and vapor in the accumulator M, and
Mg q.
Energy balance - evaporator wall

dT; 1 [ng_ n;Te.zg N
t.e

dt ~ (Mcy),,,

LVI condenser - mass balance in the two-phase section of con-
denser

dvc‘lg _ l T Vc.lg 1
Ve AhgRec

a — p
-1
1 Rg Pe lg—M,.R,
_— = In i -T , 47
|:Te,lg MmAhlg < pe,lg fe ( )

Energy balance - subcooler

L-T
: (46)
Rt,ph i|

d, 1 : (Mecp Ty + Mic,, T)
L —Mth,l T — Y
dt (Mcy), Micy,
Tf,s 1 (Mccp,cT4” + Mlcp,lTl)
T, 1 : ’ (48)
R[‘s RLs Mth,I,
. (Ts*Te.l )
Mass flow rate, M, = Rtngh,gg

My 1 dT
dt ~ ReeAhy dt”

In the hybrid loop, the hydraulic resistance in the liquid bypass
line can be non-zero, so along with Eqs. (46)-(49), an additional
mass flow rate is used.

Mass flow rate in the liquid bypass line

(49)

dM; dM,
T (50)
Mass conservation in the accumulator gas and liquid phases
dnga _ & Tg — Te,lg _ 1
dt O AhlgRt,e AhlgRt,c
-1
1 Rg pe,lg—M, Ry Tf c
X | =— — In Cad + . , 51
[ Te‘lg Mm Ahlg < pe,lg AhIgRt‘c ( )
dM, 4 _ _<1 &) I —Teog _ 1
dt O AhlgRt,e AhlgRt,c
-1
1 Rg pe,lg—Ml Ry, Tf c
x| =— — In s 18 + d , 52
[Te,lg MmAhlg ( pe,lg AhlgRt.c ( )

The numeric solution to these equations and relevant proce-
dures are discussed in Appendix D.

4.1. Flow rate-based flooding transient behavior

As described in Section 2, the wick is flooded at low heat loads,
however, flooding can also occur when the system experiences a
significant mass flow rate perturbation from the pump and con-
sequently instantaneous excess liquid flow across the evaporator
wick. This flooding modifies the wick thermal resistance with for-
mation of a flood layer with thickness (from mass balance)

P . .
5,(1—) — ff/ Wdt’

0 P1A
and this liquid layer thermal resistance R; y, illustrated in Fig. 10,
is

(53)

5
Res(t) = %. (54)
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Fig. 9. The operational regime diagram, showing the measured variations of the heat load with respect to the total liquid flow rate for evaporators 1 and 2 as data points.
The predicted flooding and dryout boundaries are marked and they are based on the listed values of the evaporator permeability and the maximum capillary pressure. The
stable and unstable operating experimental data is show with different colors to match the predicted regimes.

The total thermal evaporator resistance becomes
Ree(t) = Rew + Re 5 (F).

Initially, the larger resistance reduces the evaporation rate,
causing the heater surface temperature to rise. With this rise the
incoming subcooled liquid is more effectively heated and a state
is reached where the incoming liquid reaches saturation and liquid
preheating is reduced. Then heat flows through the flooded layer,
restating the evaporation rate and reducing the liquid layer thick-
ness and decreasing the thermal resistance. This predicted time-
dependent pattern is repeated until a new equilibrium point is
reached.

Snapshot of this process is illustrated in Fig. 10. Time variations
of the flood liquid layer thickness and the two-phase condenser
volume fraction are strongly coupled. This is animated in a video
in the Supplementary Materials.

Fig. 11 shows the time variations of evaporation rate (under
constant hear load), and evaporator inlet temperature for Test 23.
The experiments are shown with points and the predictions with
lines. The model prediction, Eqs. (45)-(52), are for the time pe-
riod from 5.5 < t < 7 h, when the heat load is constant at 325 W
and the mass flow rate is increased from 90 g/min to 125 g/min.
The additional liquid influx shortly floods the wick, causing forma-
tion of a liquid layer on top of the evaporator wick, changing its
thermal resistance according to Eq. (55). Its immediate effect on

(55)

10

the loop is to reduce the evaporation rate, increasing the surface
temperature Ts. From Eq. (29), the heat flow redistributes between
the evaporation and liquid preheating at the evaporator inlet. The
evaporator inlet temperature (subcooled) increases until the sur-
face temperature rise causes the liquid layer to evaporate, reducing
the evaporation thermal resistance and increasing the vapor mass
flow rate. This pattern is repeated until a new equilibrium point is
reached.

By adjusting the evaporator thermal inertia (evaporator mass),
the model is capable of predicting both the mass flow rate and
temperature oscillations reasonably well. Note that this mode of
flooding is based on a steady-state condition followed by a sud-
den perturbation (discrete change in the pump rotation or a step
increase in the heater). In the present considered case, it is a func-
tion of the rate at which the pump speed (system level mass flow
rate) is increased. If the flowrate is increased at a slow enough rate,
oscillations can be avoided.

4.2. Heat load-based dryout transient behavior

The dryout limit is a heat-load based limit predicted by
Eq. (25). It is a direct result of insufficient capillary action and me-
chanical pumping to provide enough liquid for a given heat load,
causing a rise in the evaporator temperature. Fig. 7(b) illustrates
this for Test 47 (5.6 hr). Dryout can be mitigated by either in-
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creasing the overall mass flow rate, forcing extra liquid through
the wick, or by reducing the heat load. The latter causes the ex-
cess heat to disappear instantly, leaving only the thermal response
time of the evaporator cooling.

In order to describe the onset of dryout and its mechanism, 3-
D CFD simulations of the evaporator 2 are conducted using ANSYS
Fluent [29], with the homogenous porous media model as a source
term in the Navier-Stokes equation, i.e.,

Si= (ZU +C2'O|2|ul>

where K is the wick permeability, and C, is the inertial resistance
coefficient. The inertial resistance for smooth surfaces is modeled
as [23]

(56)

1-¢
&3dp’
where ¢ is the wick porosity, assumed to be 24% [8,13].
Fig. 12(a) shows a snapshot of the velocity and streamlines
distributions inside the wick immediately below the heaters. The
heater arrangement is reported in, each heater (102x51 mm?) is
placed at the center of the equally divided evaporator surface, with
equal heat loads. Fig. 12(b) shows four snapshots of the pressure
distribution in the evaporator wick. This pressure drops due to
the wick Apy also calculated with the network model, Eq. (23),
is listed above each snapshot. The dryout limit is from Eq. (25),
taking into account the pressure drops in the vapor line Apg and
the bypass line and the capillary pressure p.. The evolution of the
dryout front, the dashed black line, under imposed heat load is ob-
served, starting at the center of the heaters at Q = 330 W and ex-
panding towards the edges. The largest pressure drop is located in
the region immediately below the heaters, indicating the flow is
interrupted first at the center of the evaporator. This is in agree-
ment with the infrared surface superheat recording [8]. The partial
dryout of the heater surface is modeled with reduced evaporation
area and no heat transfer in the dry region, i.e.,

Ree

R
(1-%)

where Ag is the dryed area, Ay, is the vapor groove cross-sectional
area, R is given by Eq. (1). The dry region resistance is assumed
infinite (no heat transfer) [30].

By repeating the simulation for different heat loads, an expres-
sion for the dryout area fraction is

= 0.0016(Q — QchF.c—v),

G, =18 (57)

Rt,e,d = (58)

A,g
where Qcprc_y is a function of the mass flow rate, given by
Eq. (25). It is equal to 325 W for M; = 90 g/min. Eq. (59) is valid
for Q > Qcyr.c—-

Improvements to Eq. (59) should account for mass flow rate
perturbations similar to the flooding event (Section 4.1), which
might contribute to dryout prevention.

Fig. 13 compares the predicted and measured time-dependent
variations of evaporator outlet temperature for Test 47 [Fig. 7(b)],
when the heat load is increased from 300 to 400 W for a brief pe-
riod, causing the evaporator temperature to increase rapidly. The
model is capable of predicting the heating and cooling behavior
although with a slightly slower response, which results in a lower
peak temperature at the end of 10-minute dryout period. This
could be explained by the analysis being first order, i.e., the vapor
inertia and/or its dampening effects are not considered. The model
prediction is in good agreement with the experiment. Prediction
of dryout is extremely important since a large AQ =Q — Qcyrc—y
causes a steep temperature rise and leads to the formation of
hotspots and eventually to catastrophic failure.

(59)
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5. Stability analysis using the system Jacobian

Stability analysis of the system is performed by writing the set
of equations from our transient system analysis in vector form
% = f(x) where x = (T, Vg, Ty, Mc, M), M4, Mgo)T is the state
variable and f is the RHS of Eqs. (46)-(52).

Using a Taylor series expansion about an equilibrium state x,
(the solution to the steady-state system of equations) and disre-
garding higher order terms, the linearized version of the system is
found % = (%)X,J (% —x9) =J(x — x0) where J is the Jacobian
matrix, evaluated at x,.

The solution of x(t) are the linear combinations of e*«!, where
A are the eigenvalues of the Jacobian. From the Hartman-Grobman
theorem [31], the system will be unstable for Re(4;) > 0. So, by
building the Jacobian matrix and finding its eigenvalues, marginal
stability diagrams can be constructed based on relevant parame-
ters. The linear stability analysis predicts the ability of the system
to reach steady state under state x, while the direct time integra-
tions (numerical) described in Section 4 and Appendix D are re-
quired to predict the trajectory from state x, to x.

The Jacobian matrix is found by expanding the RHS of Eqs. (46)-
(52) and computing the derivatives at the equilibrium point x,. For
instance, for Eq. (46)

_ 0 1 L-T, L-T, _ 1 1 1
Ju =7z ((Mcp»_w [Q'g TR T Re ]) =~ e, (r - Rt,ps)
_ 9 1 LTy L-T, _ 1 (Tf.lg_Tf.C)
Jo =g\ ey | Qe = + R )— (Mp)ey  VeRic
_ 9 1 T-Tog | T-T,
‘]]3 9Ty ((MCP)E.W I:ng T " Ree : Rl»psl :| =0
_ 1 LTy T-T |y _ _Ahg
Ju =57 ((Mcp)c_w Qe — “r.* t R ) = M6)en
_ 9 1 LTy | T-T,
Js = g3, ((Mcp)e_w Qs "7+, |)=0
_ 9 1 L-T,, T-T, _
e = i ((Mcp)e_w R v ) =
_ 8 1 LT | LT,
]]7 T OMga ((Mcp)e.w ng Ree + Re.ps =0
Ju Jz 0O Ju O 0 0
Jouo J2 0 g O 0 0
Jsv J2 B3 B4 Jis 0O O
J=|Jun Jo O Juu Jss 0 O (60)
Ja J2 0 Jsg Jss O O
Jor J2 0 Jea O Jes Je7
n J2 0 Ju 0 Jw

After repeating this procedure for the remaining variables, the
Jacobian matrix can be completed. The eigenvalues are found by
solving det(AI —J) = 0. The system’s time constant is minus the in-
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verse of the real part of the eigenvalue
. -1
" Re(hy)

A real eigenvalue indicates a 1st-order type response, exponen-
tial growth or decay. The presence of a complex eigenvalue indi-
cates a strong coupling between the two variables, and a 2nd-order
type response.

Although the data points inside the stable region in Fig. 9 corre-
spond to Re(A;) < O, those close to the boundaries have a positive

(61)

sensitivity coefficient, % > 0, where the eigenvalue sensitivity is
[32]

A r 0]

LT e 62
ax 'l gxk (62)

where 7; is the eigenvector of the Jacobian and «; the eigenvector
of the transposed matrix J. The boundaries in Fig. 9 are produced
by identifying the disturbances resulting in sign inversion in the
eigenvalues. Furthermore, the analysis of the second-order deriva-
tives of A; can also provide interesting results.

Table 3 lists the predicted time constants for Test 23 as the
base state. As expected the evaporator thermal time constant ¢,
is the largest and it is controlled by the thermal mass of the evap-
orator. Also listed is the evaporator time constant from the mea-
sured thermal behavior in Test 23, which is in good agreement
with the prediction. The observed other time constants, starting
with the subcooler time constant (also listed), are progressively
smaller and their experimental observations may require isolation
from the evaporator thermal response time constant and this was
not attempted here.

In [28], Hoang’s analysis separates the problem into three types
of physics: fluid dynamics of the line, thermodynamic of the vapor
in the reservoir and the vapor space, and thermal at the evapora-
tor. The decay time associated with the former is the fastest, while
that associated with the latter is the slowest, reaching hours de-
pending on the thermal capacitance of the heat exchangers. Due
to the external control of the thermodynamic state in the accu-
mulator, fixing the saturation pressure in the evaporator, the sys-
tem behaves in a stiff manner, with barely any influence from the
off-diagonal terms in the Jacobian, and no thermodynamic changes
are observed in the vapor. In the absence of an external control
of the accumulator, Eq. (45) would be included in the transient
model and a time constant related to the thermodynamic state of
the evaporator is derived. In addition, any fluid dynamics induced
fluctuations are filtered (dampened) at lower heat loads due to the
relative condenser oversizing. The major source of instabilities is
the evaporator, be it due to flooding or dryout, caused by either
mass-flow or heat-load perturbations. This type of fluctuations is
in agreement with the second type of oscillations described in [33].

In the evaporator time constant, the relationship between the
two competing resistances can affect the system marginal stability.
Under standard operation, the preheat resistance is larger than the
evaporator resistance and the eigenvalue is always negative. When
there is an imbalance of mass in the wick, however, the additional
flooding resistance appears, and it can change the ratio given be-
low

-1
1 1
T = (MCp)g,W(M - Rr;;h) ,

and causes the system to become unstable when the evaporator re-
sistance overcomes the sensible resistance (due to flooding). This is
illustrated in Fig. 14(a) for two different values of Q. From Table 3,
the evaporator time constant is 91 s, and this thermal response
time generally among the largest.

Similarly, on the condenser side, a relationship for the marginal
stability is derived for the condenser time constant, shown in

(63)
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Predicted time constants for the linear response analysis and from experiments, using Test 23 as the base state.

Time constant Prediction Experiment

Time constant Prediction Experiment

T =Tre
T2 = Tuc
T3=Ts
Ty = Tye

915 (0.14 s —182 s) 180 s
23s -
152 s 39s
23s -

23s -
2.7s -
135s -

T5 = Tuy
Ts = Tm.a
77 = Tm.a
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Fig. 14. (a) Dynamic marginal flooding stability showing the maximum evapora-
tor flood liquid thickness as a function of the evaporator thermal resistance scaled
with the liquid preheating resistance. The results are for two heat loads, with one
corresponding to Test 23. (b) Marginal stability for the condenser to evaporator re-
sistance ratio as function of the condenser two-phase region volume fraction. The
blue line shown the current condenser. The volume fraction for three heat loads are
also shown. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 14(b), normalized by the evaporator baseline resistance.
-1
Apg—RigM; 1
(1 _ @)2 VcAh[gRt,c
VC

T =P (64)

Fig. 14(b) shows the condenser can lead to instabilities when
operating close to its nominal capacity. The current design is sta-
ble for low to moderate heat loads, and the condenser time con-
stant of 2.1 s is rather small. This is mostly due to hydrodynamics,
and as evident in Table 3, it is faster than thermal response time.
At high heat loads near the condenser limit, the system may be
under risk of incurring in high frequency oscillations described by
Hoang et al. [28] and Launay et al. [33]. The size of the condenser
for a given maximum heat load can be found by intersecting the
corresponding vertical lines in Fig. 14(b) with the marginal stabil-
ity line. Based on Fig. 14(b), in order to avoid instabilities in the
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system, caused or amplified by the condenser, the maximum heat
load should be 90 to 95% of the condenser capacity.

Conversely, additional expressions are derived based on the
order-of-magnitude analysis. For example, the undersized accumu-
lator and condenser lead to a liquid deficit, as can be deduced from
the following relationship for the accumulator time constant

ALh[g(Q’g - Qc) - prl,o
plvl,o

77 = s (65)

the last term on the RHS (also the denominator) represents the ini-
tial mass of liquid in the accumulator which is its maximum capac-
ity to replenish liquid loss due to an imbalance between the evap-
orator and condenser. The time constant for the liquid in the ac-
cumulator is very fast, 1.35 s, close to the condenser time constant
(since at low heat loads the hydrodynamics dominate, as noted in
Table 3. If the required make-up liquid is beyond this limit, the
evaporator dryout occurs and this time constant becomes larger.

6. Integration of steady-state, transient, and stability analyses
for stable loop design

The steady-state, transient, and stability analyses of
Sections 3 to 5 are complementary and provide a thorough
description of the thermodynamic, hydrodynamic and thermal be-
havior of the hybrid CPL. As demonstrated, the analysis enables the
prediction of system performance as well as provides the analytic
tools to design a system with robust operational characteristics.

The steady-state analysis predicts the isolated/targeted opera-
tion conditions of the system and allows for predicting the regime
diagram Fig. 9) with the flooding and dryout boundaries defined
by Eqgs. (25) and ((26). This is in good agreement with experimen-
tal data, and allows for determining for example the evaporator
wick properties such as the permeability and maximum capillary
pressure.

The transient treatment of the system directly tracks time-
dependent behavior introduced by sudden perturbations in the
heat load or total mass flow rate. The underlying mechanistic pro-
cesses responsible for flooding and dryout events are included in
the model, and are in good agreement with experiments. These
are demonstrated in Figs. 10 to 13, tracking time-dependent tem-
perature and pressure at various loop points/states (directly com-
parable with experiments), as well as liquid, gas, and two-phase
dynamics (generally challenging to observe or record experimen-
tally).

The linear response stability analysis builds on the steady-state
and transient treatments and provides an analytic insight into the
stability of the perturbed states. For a given perturbation, it can
predict whether the system will return to an equilibrium state, di-
verge, or sustain oscillatory behavior. The Jacobian determinant al-
low for the evaluation of the thermodynamic, hydrodynamic and
thermal time constants (relaxation times). Although the Jacobian
analysis is limited to the linear response in the transition be-
tween states, the scaling treatment allows for developing addi-
tional analytic marginal stability conditions, such as Eq. (64). This
corresponds to the flooding regime prediction and the stable con-
denser two-phase behavior shown in Figs. 14(a) and (b). The eigen-
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value sensitivity analysis confirms the operation regime boundaries
shown in Fig. 9.

The integration of these three analyses provides the theoretical
framework for accurate prediction of the system performance (that
is in the agreement experimental data and observables), while pro-
viding insight into the loop two-phase dynamics which are difficult
to observe or record. As a design tool, these treatments allow for
component design and sizing, and tuning of the stable operational
regimes.

7. Conclusions

In mechanically pumped hybrid CPLs, the forced liquid flow and
presence of the liquid bypass line expand the operational limits of
the system performance. However, they also lead to a new set of
operational instabilities that must be accounted for in the design.
The 3D-printed evaporator used in the system presented here al-
lows for novel evaporator geometries as well as the fabrication of
a monolithic structure that integrates the wick, the liquid supply
and vapor venting passages and the casing. However, the printing
process can lead to wick heterogeneity and low porosity (causing
low permeability and maximum capillary pressure) which was ob-
served here. At the system level, this reduced wick performance
can be compensated for by active pumping.

Among the dominant loop instabilities are the evaporator flood-
ing and dryout. Using the JPL hybrid CPL (with an aluminum al-
loy evaporator with ammonia as the working fluid) with two dif-
ferent evaporator designs, steady-state and transient analyses are
employed, based on the loop mass, momentum, and energy con-
servation principles, to predict the operational regimes. These are
shown to correlate well with the experimental results. The evap-
orator wick has a thick porous liquid distributor/phase separator
with posts emanating from it and directing the liquid to the heated
surface, with the vapor escaping between the posts.

The steady-state operational regime diagram (Fig. 8-heat load
versus total liquid flow rate) shows both the low capillary-pumping
dryout limit of the evaporator wick and the ability to use the
pump to achieve much higher dryout limits (up to 850 W). Except
for very low heat loads, flooding can be avoided by adjusting the
pump flow rate or the hydraulic resistance of the bypass line.

Flooding of the evaporator occurs under excessive liquid sup-
ply/insufficient heat supply causing growth of a liquid film in the
vapor space which increases the evaporator resistance and the sat-
uration temperature which in turn affects the condenser resulting
in a time-varying heater temperature. The 1-D model of the flood-
ing liquid film dynamic predicts this time dependence, and is in
good agreement with experimental data.

Dryout occurs in the evaporator when the pressure drop for lig-
uid supply in the wick to the furthest location (central and under
the heater) exceeds the available pumping potential. A 3-D CFD
simulation of the wick liquid flow shows the dry regions which are
ineffective and raise the evaporator resistance. The predicted time-
dependent evaporator exit temperature (following the rise and fall
in heat load) is in good agreement with experiments.

Finally, using the linear-response and Jacobian dynamical anal-
ysis, the stable operational regimes and the associated response
time constants of the system (a total of seven) are predicted and
are shown to be in general agreement with experimental data. In
addition, the analytical coupling between the evaporator and con-
denser reveals the criterion for the ratio of their resistances for sta-
ble operation under variable heat load.

Verified by experiments, it is shown show that the integrated
steady-state, transient, and stability analyses described here allow
for the design of stable loop that utilize a novel 3D-printed evapo-
rator. The analysis also provides indication of how to improve the
performance of the hybrid CPL.
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Appendix A. 3D-Printed wick properties
A.1. Effective thermal conductivity

Accurate estimation of the 3D-printed evaporator wick proper-
ties, e.g., effective thermal conductivity, permeability and capillary
pressure, is critical to reliable analysis and model predictions. The
effective thermal conductivity and porosity were estimated from
the SEM shown in Fig. A.1. With a total of 23 nodes and 37 arms,
expressions for one-dimensional heat conduction were written for
each arm and the 23 nodal energy equations were solved simul-
taneously. The effective thermal conductivity was found as (k) =
53 W/m-K with a porosity of 25%.

In 3-D printing, the effective thermal conductivity can be larger
than predicted by the above correlation, due to severe melting of
the powder particles [34].

7,,=100°C

Tie=20°C

Fig. A.1. 2-D thermal resistance network overlaying the 3-D printed wick SEM mi-
crograph for estimate of the effective thermal conductivity.
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Fig. A.2. Variations of the measured the 3D-printed wick with respect to the nom-
inal pore radius for evaporator 2. The wick used in the JPL tests is marked and has
a permeability between 0.2 and 0.3 pm?.

A.2. Permeability

Measurements of permeability and the respective nominal pore
radius for the AlSi;pMg alloy utilized in the 3D printing [23] are
shown in Fig. A.2. The pore size of wick samples was taken from
bubble point measurements of wick samples and the permeability
was derived using Darcy’s equation, Eq. (23). The vertical dashed
line shows the nominal pore radius in the wick utilized in evapo-
rators 1 and 2 with permeability measurements ranging from 0.15
to 0.3 um?2. Daimaru et al. [13] adopted K = 0.3 pm? in their mod-
eling.

The red circle denotes K = 0.2 pum?, the permeability value uti-
lized to fit the experimental data in Section 3.2. It is still within
the range of experimental measurements for the nominal pore ra-
dius rpp = 18 pm.

Further discussions of the permeability of the 3-D printed wick
are available in [35].

Appendix B. Liquid channel boil-off and wick superheat limits
B.1. Liquid channel boil-off limit

The boil-off of the liquid channel is a limiting condition, it oc-
curs when the subcooled liquid in the line surpasses the satura-
tion temperature. The conduction and convection inside the wick
are governed by the Péclet number [16]

Pe; = M

()
where (u;) is the volume-averaged liquid velocity, L the charac-
teristic length and (&) the effective thermal diffusivity. A Péclet
number greater than 10 indicates that convection dominates over
conduction, if it is smaller than 0.1, conduction is the dominant
mechanism of heat transfer. The thermal diffusivity is

(@) = (k) .

(pcp)
with (k) and (pcp) the effective thermal conductivity and volume-
specific thermal capacitance for a porous body. The effective ther-
mal conductivity was discussed in Appendix A and the volume-
averaged thermal capacity is (pcp) = €(pcp), + (1 —€){pcp)s
where subscripts s and | denote solid and liquid phases, respec-
tively, and € is the solid porosity [23]. The volume-averaged wick
velocity is related to the liquid mass flux

A A
(= T _ A Aig 0y (B.3)

- pAw  AhAg pAy o AhgAw

(B1)

(B.2)
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For the thermal load of Q = 850 W, the Péclet number ranges
from 11 at the channel inlet, to 6 at the exit, which means the
liquid stream can be heated by conduction when the mass flow
rate is very low or the heat load is very high. Fig. B.1(a) illustrates
evaporation on the post surface. The snapshot of the CFD simula-
tion shows the temperature distribution for this heat load.

A finite-volume surface convection model is used with temper-
ature boundary condition and

N k
(Nu)p »

D, (B.4)

(Toer = 1) = My (Tio — i)

where T, = (Tio — T;1)/2. The solid-liquid temperature T;_; is deter-
mined by

L= Lo Tt Titiots (B.5)
" Ry pn Micp ’
where R; ,, is the preheat Peclet resistance, defined as R; p, =
e “i,i;e” Equation (B.4) can be written for Tj,
oo AT+ ey i BRAT, (B.6)
Y Mcp, + <N;>Lihk’A

Here (Nu)p , = 5.6 for laminar flow (Re; = 270) in a rectangular
duct with high aspect ratio.

The liquid mass flow rate for each volume has to be updated to
account for evaporation

9An (1
- Ah,g< B N)’
where n is the volume index and N the total number of volumes
(number of posts/fins).

Fig. B.1(b) shows that for a 200 mm long channel, the boil-off
limit is not reached with an overall superheat of 20 K. Fig. B.1(c)
shows the variation of the total heat leak to the stream. The boil-
off limit for Ty — Tj = 20 K is found by iteratively calculating the
liquid temperature profile for different heat loads.

A heat load of Qcyr, = 1000 W causes the channel to reach the
saturation temperature at y/L. = 0.9.

M, (B.7)

B.2. Wick superheat limit

The wick superheat limit is related to the maximum superheat
allowed in the wick

%ATsh,max = %
where ( ) denotes volume averaged properties, G/A is the ther-
mal conductance (heat transfer coefficient) calculated from CFD
simulations and found to be equal to G/A= 201 kW/m2-K and
ATy may is the maximum superheat (defined as the temperature
difference between the substrate and the saturation temperature at
the liquid-vapor interface, Ts — Tj;) before bubble nucleation is ob-
served in the wick [36]. There are different physical models and
the following four are considered:

(i) Bubble nucleation theory: the maximum superheat is calcu-
lated

ATsh,maXv (B.S)

qcHF,sh =

ATsh,max =

L(ZG (B.9)

PgAhlg T
where ry, is the critical nucleation site radius, a key empirical pa-
rameter, dependent on the type of surface. Marcus (1972) [37] uses
nucleation theory to derive an expression for r, for smooth sur-

faces
l ) l 1,2
Pg P '

|:20"I}gkl
n =

- pc,max) B

(B.10)

Ahlgq
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Fig. B.1. (a) The liquid preheat model and the CFD simulated 2D wick temperature distribution. The liquid permeating through wick toward the heater has a negligible effect
because the Péclet number is small, it leads to increase of the incoming flow due to upstream conduction. (b) Axial temperature variations of the liquid, wick-liquid, and
heater for Q = 850 W. The saturation temperature is also shown. (c) The fraction heat load used in liquid preheat.

(ii) Bubble nucleation empirical bubble nucleation radius: Dunn
and Reay (1982) [36] suggest r, between 0.2 and 25 pm and
Hwang et al. (2011) [38] observed r, = 0.1 pm for sintered cop-
per particles. The superheat encountered from Eq. (B.9) changes
slightly with the wick pore radius.

(iii) Heat flux limit: Daimaru et al. [13] proposed a different su-
perheat limit, based on the maintenance of a liquid bridge between
adjacent particles. Based on their experimental observations, this
limit can be understood as the absence of bubble nucleation. They
calculate the capillary pressure required to maintain this bridge
based on geometrical relations.

(iv) Empirical: superheating up to 70 K has been reported in the
literature for an ammonia-stainless steel wick [39]. The authors do
not disclose if partial dryout was observed.

17

The superheat limit will depend on wick properties and the
physical definition of the bubble nucleation temperature, which
can also depend on empirical parameters such as the nucleation
radius. Nucleation theory offers a pathway, but it seems to severely
underpredict the superheat limit when compared with available
empirical evidence.

The bubble nucleation theory (i) is selected since it does not
rely on empirical relations. The calculated nucleation radius is r, =
0.8 pum, inside the range proposed in (ii).

The maximum superheat encountered is ATy g = 1.35 K,
which corresponds to the critical heat flux gepp gy = 27.13 W/cm?,
from Eq. (B.8), or heat load Qcyf ¢, = 2800 W.
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Table C1
Conditions for Tests 12-17, 20-25, and 45-47.
My Q
Test # (g/min) (W) Evaporator Event
12 90 65 1 Flooding, Tyms
13 90 100 1 Flooding, Tymp
14 90 150 1 Tamp
15 90 150 1 Tamp
16 90 200 1 Tamp
17 90 200 1 Tamp
20 90 250 1 Dryout
21 90 300-350 1 Dryout, Tymp
22 90-125 100-400 1 Flooding, Tymp
23 90-116 100-325 1 Flooding
24 90-180 200-600 1 Flooding, dryout
25 90-210 300-850 1 Flooding, dryout
45 90 100-200 2 Flooding
47 90 100-400 2 Dryout, flooding,
Tnmb
Perturbation
input
\
Heat load Yes Correc 2
/'\ eat loa Dryout? Q > € (,'or.x_(-mv( thermal
- »| resistance Eq.
\.J ()( HFd (58)
Mass flow
rate ¥ No
)
- . Yes
(.nr.roa lt-mx i\ml [ € Flooding?
ru.lsm_nc( Eq. |= M-M-Mjg > 0
(55)
|
t=t, \
— —
Ts > 1 Ts
: [—> Velg > o R }ﬁ
Equilibrium
state i ™ Tis = ™ Tia
M, > Time integration: RK45 M,
M, > = M,
M, > > M, }-—“
{ M }— > M
\
t<ty?

t=t+1

Fig. D.1. Schematic representation of the time-integration algorithm for the system of Eqs. (46)-(52).

Appendix C. Other related tests

The operating conditions of additional tests are listed in
Table C.1.

Tests 12-17 and 20-25 are with evaporator 1, while Tests 45
and 47 are with evaporator 2.

Tests 12-17, are constant heat and mass flow rate, ensuring
the system capability to reach steady-state operation. Low heat
load tests (Q < 125 W) led to flooding of the wick discussed in
Section 3 and a highly oscillatory behavior was observed.

Tests 20-25, explored the influence of heat load increments, as
well as mass flow rate variation. Both dynamic flooding caused by
a change in the mass flow rates above the flooding limit discussed
in Sections 4 and 5, and dryout caused by heat load increment
above the dryout limit, discussed in Section 3, were observed. Ex-
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ternal intervention is required to remedy both phenomena (reduc-
tion of mass flow rate and heat load, respectively.)

The second evaporator is described in detail in [13] and it ad-
dresses most of the shortcomings encountered in the operation
with evaporator 1 (i.e., the presence of instabilities unrelated to
limiting events). Again, dryout and flooding were observed, and the
models described in Sections 3 and 4 were capable of predicting
the related instabilities.

Appendix D. Calculation procedures
The time integration algorithm for the transient model repre-

sented by the system of Eqs. (46)-(52) discussed in Section 4 is
shown in Fig. D.1
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The initial condition is an equilibrium state, a solution for the
steady-state system described in Eqs. (27)-(44) from Section 3.

The seven variables represent the state vector and are input into
the time integration solver utilizing the Runge-Kutta RK45 method.
The present work utilizes the SciPy implementation in the Python
programming language [40].

Currently, the perturbation input can be either a heat load step
or a mass flow rate step. Each input type can lead to particular
unstable phenomena described in detail in Sections 3 to 5.

For mass flow rate perturbation, a check for the flooding condi-
tion is made, Eq. (54), represented by a momentary imbalance be-
tween the pump-imposed mass flow rate and the mass flow rates
in the phase-change and bypass lines. In case the flooding condi-
tion is satisfied, a correction is applied to the evaporator thermal
resistance and the solver proceeds.

For heat load perturbations, a check for the dryout condition
is made by comparing the current heat load to the dryout limit
given by Eq. (25). Again, in case the dryout condition is satisfied,
the evaporator thermal resistance is corrected once again, and the
information is passed on to the solver.
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