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ABSTRACT

Heat pipes and two-phase thermosyphons are highly efficient heat transfer devices utilizing continuous
evaporation and condensation of working fluid for two-phase heat transport in closed systems. Because of
the nearly isothermal and fully passive phase-change heat transfer mechanism, heat pipes and
thermosyphons have found many applications in nuclear engineering, space technologies, and other energy
systems. High-temperature heat pipes are used in nuclear microreactors to remove fission power from the
primary system and are coupled with power conversion systems or process heat applications. Modeling of
the two-phase flow phenomena inside a heat pipe is essential to its design and safety analysis. In this study,
a comprehensive one-dimensional two-phase three-field flow model has been developed for the analysis of
heat pipes in normal operation conditions and transients. The conservation or field equations of mass,
momentum, and energy were developed for the liquid film, vapor, and droplet. In addition, constitutive
models or correlations were reviewed thoroughly and provided for the closure of the three-field equations.
Specific constitutive equations regarding interfacial mass and heat transfer at two interfaces, namely film-
gas interface and gas-droplet interface, were reviewed for droplet entrainment and deposition rates as well
as film and droplet evaporation rates. Additionally, mechanistic correlations of annular flow film thickness
were recommended for the modeling of the thermosyphons without a wick as a critical constitutive
correlation. Furthermore, experimental data needs from new experiments using a prototype working fluid
or surrogate fluids for the model validation of high-temperature heat pipes in microreactors were

recommended for future research.



KEYWORDS

Heat pipes, Thermosyphons, Two-phase Three-field flow, One-dimensional Model, Dimensionless

Numbers

1. INTRODUCTION

A heat pipe or a thermosyphon operates passively upon the natural circulation developed inside the pipe [1-
4]. The difference between a heat pipe and a thermosyphon is that the former includes wicks and the latter
is wickless. Figure 1 shows a typical heat pipe schematic with a wicking structure. As can be seen, the heat
pipe mainly consists of three sections: the evaporator, adiabatic section, and condenser. With a closed cycle
of phase change heat transfer, heat can be transferred from the evaporator (heat source) to the condenser
(heat sink). Inside the heat pipe, vapor generated due to boiling or evaporation flows to the adiabatic section
and further into the condenser, where it is condensed to form the liquid film flowing back to the evaporator.
During stable operating conditions, annular countercurrent two-phase flow regime dominates the flow
inside the heat pipe. However, it is important to note that the operations of heat pipes and thermosyphons
are not exactly the same. The heat pipe promotes the liquid flow from the condenser to the evaporator with
both capillary and gravitational forces due to the existence of wicks, whereas the thermosyphon mainly

relies on the gravitational force.
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Figure 1. Schematic of a Two-phase Closed Heat Pipe.



The accurate modeling of two-phase flow and phase change heat transfer is of paramount importance to
various thermal systems utilizing heat pipes such as heat pipe cooled microreactors [5-7] and space reactor
systems [8,9]. The theoretical and numerical simulations of heat pipes can be divided into three categories
[10]. The first category consists of various operating limits of flow dynamics and heat transfer as well as
developed dimensionless numbers [11-13]. Key operating limits such as viscous limit, sonic limit,
entrainment limit, wicking limit, and boiling limit have been derived and summarized by several researchers
[1-4]. These developed limitation correlations or dimensionless numbers are very useful for designing heat
pipes and heat pipe test facilities. The appropriate operational temperature range can be determined for a

given heat pipe design with a selected working fluid.

The second category of modeling approach uses conservation equations for analyzing and formulating two-
phase flows under both steady-state and transient conditions inside heat pipes, which is categorized as a
full flow model by Mueller and Tsvetkov [10]. To simulate various transients, Reed and Tien formulated
one-dimensional governing equations and correlations for the steady-state and transient operation of a two-
phase closed thermosyphon [14]. Wall shear stress, interfacial friction, and heat transfer coefficient
correlations were used as constitutive equations. The calculation of the liquid film thickness was based on
the classical Nusselt solution for laminar condensation on a plate [14,15]. Their numerical predictions of
condensate film thickness and flooding predictions agreed well with steady-state experimental data. Harley
and Faghri presented a transient two-dimensional thermosyphon model for the vapor flow coupled with
unsteady heat conduction in the wall, and the falling film was modeled using a quasi-steady Nusselt-type
solution [16]. The falling condensate film in the entire thermosyphon was simulated by taking into account
variable vapor condensation rate, interfacial friction, and vapor pressure drop. The model was validated
with low-temperature experimental data. In addition, the effects of vapor compressibility were investigated
for a high-temperature vertical stainless-steel/sodium thermosyphon operation. Tournier and El-Genk
developed a two-dimensional heat pipe transient analysis model (HPTAM) for simulating operation of heat
pipes [17]. HPTAM code predictions include heat pipe transients and axial distribution of the liquid and
vapor pressures, capillary pressure at the liquid and vapor interfaces, etc. Later, HPTAM’s capability was
further expanded by including freeze-and-thaw model and the modeling of free-molecular and transition
flow regimes for simulating startup of low-temperature heat pipes and high-temperature heat pipes from a

frozen state, respectively [18].

Finally, the third category utilizes a simplified network system of conductors, namely thermal resistance
model, for representing the heat transfer processes inside a heat pipe [3,13,19] without solving governing

equations for both fluid fields. The thermal resistance model was implemented successfully for steady-state



heat pipe analysis [3]. Most recently, this method was used in the System Analysis Module (SAM) for the
analysis of heat pipe cooled microreactors [20], such as temperature distributions and heat transport

capacity of heat pipes.

Since heat pipe technologies have recently been adopted in the design of nuclear microreactors, no general
agreement has been reached in nuclear engineering on the modeling approaches and corresponding
complexities, i.e., one-dimensional or three-dimensional formulations that could be used in nuclear reactor
design and safety analysis. Among the three categories of the heat pipe modeling approaches mentioned
above, the second category based on governing equations has greater flexibility and potential for future
licensing of the advanced nuclear reactors utilizing heat pipes for heat removal, while the other two
categories could have significant difficulties in simulating complex flow dynamics and phase change inside
the heat pipes, especially in transients. To account for various physics involved, constitutive models and
correlations are essential to be solved with the governing equations for fluids. Therefore, the accuracy of
the implemented constitutive models or correlations is very important to the modeling of thermo-fluid
dynamics in two-phase flows. With the advancement of two-phase flow research in the past two decades,
more high-quality experimental data have been obtained for a far better understanding of the complex two-
phase flows of high void fractions such as the annual flows, which actually dominate the flow dynamics in
heat pipes. In addition, there has been research work performed to investigate evaporation regimes and
dynamic characteristics in heat pipes or thermosyphons, such as evaporation regimes in narrow space [21],
gravity-capillary evaporation regimes [22], and dynamic performance analysis on start-up transients [23].
Unfortunately, appropriate heat pipe two-phase flow modeling approaches and applicable constitutive

models have not been systematically presented and discussed in nuclear engineering.

Therefore, the present paper adopts the modeling strategy based on the governing equations combined with
the state-of-the-art two-phase flow modeling approaches. As illustrated in Fig. 1, the liquid droplets and
liquid film can co-exist inside heat pipes or thermosyphons due to entrainment and deposition. The droplet
field might be of critical importance to the heat pipe operations in the microreactors, which normally feature
small outer pipe diameter such as 1.775 cm with a high aspect ratio in one design [7]. Thus, a wavy liquid
film can be entrained into the upward vapor flow due to relatively high gas velocity. However, in previous
heat pipe two-phase flow modeling, the liquid field governing equations did not differentiate two forms of
the liquid phase, namely the liquid droplets and liquid film. Therefore, existing models considering only
liquid film and vapor fields could have difficulties in simulating droplet entrainment and deposition inside

the heat pipes and thermosyphons.



In this paper, a comprehensive one-dimensional two-phase three-field model has been developed for a
relatively simplified modeling of heat pipes because of their high aspect ratios in nuclear reactor
applications. In addition, appropriate constitutive models or correlations are recommended for the closure
of the governing equations. The developed three-field model offers greater flexibility in modeling
complexity and therefore is applicable in a wide range of conditions. This modeling paper is outlined as
follows: Section 2 presents the mathematical formulation of the governing equations (field equations) and
constitutive equations for the heat pipes and thermosyphons. A detailed review of the state-of-the-art
constitutive equations is carried out to complete the equation system. The modeling requirement of high-
temperature heat pipes using liquid metals as working fluids is discussed. In addition, dimensionless
parameters are introduced for scaling analysis of heat pipes. Key conclusions of this research are

summarized in Section 3.

2. ONE-DIMENSIONAL THREE FIELD MODEL

2.1. Conservation Equations

Ishii rigorously derived the classical two-fluid model using a time-averaging method [24,25]. In Ishii’s
model, all gas fields including various bubbles and annular gas core are considered in one set of
conservation equations, whereas the liquid fields including continuous liquid and dispersed droplets are
considered in another equation set. To account for various two-phase flow regimes including the annular
flow, the four-field two-fluid model has been proposed in the literature [26,27]. Four sets of conservation
equations could be given to four fluid fields including the continuous liquid, dispersed liquid, continuous
gas and dispersed gas. Liu et al. [28] further extended Ishii’s work and developed the theoretical foundation
of a generic multi-field model. In this model, any fluid field of similar characteristics can be described by
a set of conservation equations. Both the interfacial transfer terms and inter-field transfer terms appear in
the multi-field model. Based on this work, a three-field model can be developed by considering the specific
geometry and operating conditions in heat pipes or thermosyphons. The three fields that are important to

this problem include the gas core, liquid film, and droplet.

Figure 2 shows a diagram for a simplified heat pipe model with a wick. Within the heat pipe, the vapor
flows upward to the condenser (vapor core), while the condensate flows downward inside the wick along
the heat pipe wall with a vertical configuration. The droplets in the gas core might deposit into the liquid
film. Conversely, they might be entrained into the gas core from the wavy liquid film. The one-dimensional
modeling of the two-phase flows in a heat pipe in this study is based on the following assumptions:

(1) Wick is filled with liquid, no bubbles or vapor.



(2) Liquid film does not extend outside the wick layer.

(3) Liquid only exists in the form of droplets in the gas core, deposition and entrainment could occur.

(4) One-dimensional (1-D) model assuming uniform velocity profile, distribution parameters may not be
considered.

(5) Normal stress may be neglected compared with wall shear stress.

(6) All the parameters in the following equations are 1-D area-averaged quantities.

It should be noted that the present modeling framework is developed specifically for the phase change

induced countercurrent annular flow which exists in heat pipes and thermosyphons.
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Figure 2. Annular Flow Model in a Heat Pipe.

Continuity equation for the film:
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where, ¢,0, d, ¢, and 7, denote the wick porosity, wick thickness, droplet deposition rate per unit film

surface area, droplet entrainment rate per unit film surface area, and film evaporation rate per unit film



surface area, respectively. It should be noted that for the modeling of the two-phase thermosyphons without

a wick, the wick porosity ¢ is equal to one and § becomes a liquid film thickness.

Continuity equation for the vapor:
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where, I, and «, are the droplet evaporation rate per unit vapor-droplet mixture volume and droplet

fraction in the gas core region, respectively.

Momentum equation for the film:
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where, ¢, ¢, , 7;, 7, ,and M, denote the liquid area fraction at the wick-gas interface, liquid area fraction

w2 i fwo wick
at the wall, interfacial shear between liquid and gas, wall shear, and drag force term between the liquid and

wick, respectively. Additionally, frictional pressure drop for the film in porous media can be written as [4]

d Ev 1
__p :Mwick = Ié (5)
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where, v, and fare the liquid velocity and liquid viscosity, respectively. K is the wick permeability and

can be calculated from

_ D
2fRe

(6)

here, », and f are the hydraulic diameter and Fanning friction factor, respectively. Permeability

depends on the wick structure and Reynolds number. The flow in the heat pipe wick structure is
laminar due to low liquid velocity while the permeability K only depends on wick geometry [1]. By
substituting Eq. (5) into Eq. (4), one obtains
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It should be noted that based upon the wick structure and the method by which the permeability is
analytically derived or measured, the wick permeability may account for the wall shear stress as well. In

which case, the wall shear stress term in Eq. (7) may be dropped.

Momentum equation for the vapor:
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where, M,, and 7, are the drag force term between droplets and gas, and shear between gas and wick at

the interface, respectively.

Momentum equation for the droplet:
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where, ¢",.,» 4", > h,,»and k, are the wall heat flux, heat flux on the liquid side of the film interface,

fif
enthalpy on the liquid side of the film interface, effective thermal conductivity considering the wick effect,

respectively.

Energy equation for the vapor:
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where, h, ., q", ., h,,,and ¢",, denote the enthalpy on the gas side of the film interface, heat flux on

the gas side of the film interface, enthalpy on the gas side of the droplet interface, and heat flux on the gas

side of the droplet interface, respectively.

Energy equation for the droplet:
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where, a,,, ¢",,,and h, , are the droplet interfacial area concentration, heat flux on the liquid side of the

droplet interface, and enthalpy on the liquid side of the droplet interface, respectively.



The above set of conservation equations consider a wick structure inside the heat pipe. If the two-phase

flows in a wickless thermosyphon is modeled, the drag force term between the liquid and wick M ., and

wick

the shear between gas and wick at the interface 7, ,, can be dropped from the equations.

Additionally, the following relations representing macroscopic jump conditions between interfacial heat

transfer terms should be conserved at two interfaces.

Jump conditions at the film interface:

Vihey=7 b n 4" 5+ 4", =0 (13)

Jump conditions at the droplet interface:

a; .9 "d,di_rdhd,di +Fdhg,di +a, ,q "g,di =0 (14)
In addition, the momentum jump condition in the radial direction at the liquid-vapor interface can be

expressed as
. 1 1
() -0 )+ 27 [___]:o (s)

where, ¢ and R, are the liquid surface tension and the curvature of the liquid meniscus, respectively.
2.2. Constitutive Models and Relations

For the closure of the conservation equations presented above, constitutive models or correlations are
required such as the equation of state to specify fluid properties, wall and interfacial shear stresses, and
liquid-film heat transfer coefficients. Many of these constitutive models have been presented in various
textbooks [1-3,29-31] and existing literature [14,28,32-38]. Therefore, they will not be repeated in this
paper. Instead, due to the introduction of the droplet field into the conventional two-fluid model [31],
important constitutive equations accounting for interfacial mass and heat transfer are discussed in this

section.

2.2.1. Droplet entrainment rate
Countercurrent vertical annular flows are expected in the thermosyphons or heat pipes during normal

operating conditions. Due to the lack of a wick structure, an important operating limit of thermosyphons is
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the entrainment limit beyond inception of entrainment. An understanding of the conditions leading to
entrainment of a downward liquid film flow into the upward vapor flow is of significant importance to the
mass and heat transfer modeling and stable operation of the two-phase thermosyphons. In the countercurrent
film flow, the entrainment mechanism is closely associated with the flooding phenomenon. When the
flooding condition is reached, waves of large amplitude can be separated from the film to form a bulge or
even to create a liquid bridge connecting the walls. Summarized by Ishii and Grolmes [39], there are
basically five types of entrainment mechanisms as shown in Fig. 3. Among these five different mechanisms,

Types 1, 2, 4 and 5 could be considered important in the two-phase thermosyphons.

oo @
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Figure 3. Different Entrainment Mechanisms [39].

First, the inception of the droplet entrainment is determined based on the critical gas velocity. Meanwhile,

it is related to the liquid flow direction, liquid Reynolds number Re , , and the viscosity number N o Ishii
! f

and Grolmes [39] obtained the droplet entrainment inception criteria by considering the shearing off roll-

wave crests in the range 2 < Re , < 1,635 for the downward flow, which is given by

11
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The droplet entrainment rate has been modeled in a number of studies in the past [40-43]. The classical
correlation developed by Kataoka and Ishii [44] is presented below as it can be used to predict both
developing and well-developed annular flows.

For the developing region (Re, >Re )

0.26
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For the equilibrium region (Re; <Re,,)
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where, the gas phase Weber number (We ¢ ) and liquid phase Reynolds numbers are defined as follows

0,i’D, (ap)”
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Here, j, is the superficial film velocity, j, is the equilibrium superficial film velocity. E and E_are

the entrainment fraction and equilibrium entrainment fraction, respectively.
2.2.2. Droplet deposition rate

The amount of entrained droplets represents the integral effects of entrainment to the gas core as well as

deposition to the liquid film. The deposition rate d can be linearly related to the droplet concentration in

the gas core by [45-48]

d=FkC (24)

d

where, d , ks and C are the droplet deposition rate, mass transfer coefficient, and mass concentration in the
gas core, respectively. Okawa and Kataoka [49] compared many existing correlations with available

experimental databases. The authors found that the deposition rate increases with the superficial gas

velocity under the condition of low droplet concentration, while the influence of , on the deposition rate

is not significant for high droplet concentration. The droplet deposition rate for both low and high droplet

mass concentrations in gas core can be expressed by

13



For C" <0.15 (Low concentration)

k= 0.17u, (25)

d

where, u ; is the friction velocity calculated using Fanning friction factor.

For C" >0.15 (High concentration)

k 'OgD}z _ .
AT T min
o

0.19(c") 0,105 (C*)”] (26)

where O = C/pg )

2.2.3. Film and droplet evaporation rate

The evaluation of the evaporation and condensation rates is critical to the mass transport and heat transfer
in transients of two-phase thermosyphons and heat pipes. The liquid film evaporation rate based on the free

molecular flow mass flux model presented by Collier [15] can be expressed by

7'f=( Y joj(p,—pv) (27)

27RT

where, M is the molecular weight, R is the universal gas constant. ¥ + is positive when liquid pressure is

greater than vapor pressure, and vice versa. This model has been widely applied for analyzing the transient
characteristics of a micro heat pipe [50,51]. A similar model based on classical kinetic theory for evaluating

the net evaporative mass flux can be given by [52]

(2 M (e p
P ) (B8] (28’
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where ¢ is the accommodation coefficient and changes regarding working fluid and temperature ranges. It

should be noted that the evaporation rates from Eqs. (27) and (28) are zero under the assumption of the

mechanical equilibrium and thermal equilibrium conditions using saturated pressures and temperatures.

2.2.4. Liquid film thickness

In the case of modeling the two-phase thermosyphon without a wick, the determination of the film thickness
0 is the key to determining the gas core flow area, which requires another constitutive equation. Several
film thickess correlations have been proposed in the literature [33,53,54]. Wallis [29] gave a simple film

thickness correlation based on the dimensionless falling film thickness defined by

§ = - (29)

And & can be evaluated by

§ =

. |0.909Re,”* Re, <1000
f f (30)
0.063Re,”?,Re, > 1000

To better account for the entrainment limit, Ju et al. recently proposed a functional form for average film

thickness as [55,56]
6=¢,, tanh{CWe "We N ¢ (31)
max g Mf

For air-water two-phase flows, Eq. (31) can be determined based on many experimental datasets. The final

form can be given by

§ = 0.071Dtanh|14.22We "*'We N (32)
!

where, the maximum film thickness 6 _ is 0.071D derived from analyzing experimental data. It should be

noted that the above-mentioned constitutive equations were developed and validated based on air-water or

15



steam-water experiments. Large uncertainties could be introduced if these correlations are directly applied
to other working fluids such as liquid metals in the thermosyphons or heat pipes in the microreactors. Thus,
more experimental databases will be needed from newly designed test facilities simulating high-

temperature operating conditions in the microreactors.

2.2.5. Capillary pressure

Wicks can be used to improve boiling and evaporation heat transfer in the evaporator section and therefore
to increase heat flux. Considering the operation of a heat pipe, evaporation of the liquid wetting the wick
surface will create a concave meniscus in wick pores in the evaporator. The capillary pressure is defined as
the pressure difference between the vapor and liquid due to the action of surface tension acting on the liquid.

The capillary pressure can be calculated by the Laplace and Young equation as [1]

(33)

where, R; and R; are the principal radii of the meniscus. For a cylindrical porous wick, R; and R, can be

equal. Thus, Eq. (33) can be given by

_ 20cosf

cap r (34)

where, r and 6 are the radius of the cylindrical pore and the wetting angle, respectively [1]. For the wicks

of cylindrical pores, the capillary pressure will reach the maximum values when the wetting angle is zero.

The maximum capillary pressure can be expressed by [1]

P == (35)

here, r. is the effective capillary radius. In the condenser, condensation of liquid causes flooding in the wick
pores and negligible menisci curvature. Normally, the capillary pressure in the condenser will be smaller

than that in the evaporator.

16



Heat pipe design requires optimizing the competing effects of effective capillary radius and permeability
regarding wick structures. A small effective capillary radius is desired for increased capillary pumping, yet
this also restricts liquid flow, thereby increasing the viscous pressure drop. The type of wick structure used
and its properties, are crucial in the successful design of heat pipes. Heat pipes in microreactors usually
have a high aspect ratio that their lengths are around two orders of magnitude greater than their outer pipe
diameters. Since the liquid flow path is very long, it is desirable to have a capillary structure with high
permeability with the heat pipe oriented vertically to utilize gravity and minimize viscous losses [7].
Therefore, wick structures such as annulus-screen, artery, or composite structures such as screen-covered
axial grooves are more appropriate for heat pipe cooled microreactor applications, as they offer high
permeability while limiting entrainment from the liquid [57]. Some literature reported the annulus-screen
wicks designed for heat pipes in microreactors [7,58]. On the other hand, the wick structures with low
effective capillary radii and permeabilities, such as sintered metal powder and wrapped screen wicks,
characterize high capillary pumping capabilities. These wick structures are more suitable for use in shorter

heat pipes or with horizontal, non-gravity aiding orientations or microgravity conditions.

2.3. High-temperature Working Fluids

High temperature working fluids such as alkali metals are used in heat pipes in microreactors, which are
designed to produce thermal power of less than 20 MWt for remote installations [7]. Liquid metals show
different boiling characteristics than other fluids such as water due to the differences in physical properties
[58]. Table 1 compares characteristic material properties determining boiling behavior for three liquids:
water (H,0O), sodium (Na), and potassium (K). Surface tension and latent heat determine the nucleation
process and superheat, along with the heating surface characteristics. The nucleation superheats for liquid
metals tend to be higher than those for ordinary fluids, which delay the boiling of liquid metals. Heat
transfer and pressure drops are closely related to two-phase flow patterns. Due to the great difficulties of
performing experiments using liquid metals, there exist very few flow visualization data on flow patterns
for liquid metals. Generally, the flow patterns are similar to the case of water consisting of bubbly flow,
slug flow, annular flow, and mist flow in a uniformly heated vertical channel [59]. In addition, the liquid
droplets were observed to deposit to the wall from a series of snapshots of X ray images [60]. Another
experimental study on sodium boiling in a single-pin annular channel showed a similar flow pattern
transitions from bubbly flow to slug flow and then to annular flow [61]. Therefore, it can be expected that
the flow patterns inside a heat pipe for liquid metals and for low-temperature fluids will also be similar. It

should be noted that heat transfer correlations developed based on ordinary fluids could result in relatively

17



large uncertainties for predicting liquid-metal boiling. A detailed description of various boiling mechanisms

can be found in Refs [59,62,63].

Table 1. Comparison of characteristic physical properties determining boiling behavior [64]

H.O Na K

Pressure (kPa) 100 100 100
Boiling point (°C) 99.6 877.8 760.7
Surface tension (N/m) 0.059 0.115 0.063
Latent heat (kJ/kg) 2257.4 3893.2 1925.0
Liquid specific heat (kJ/kg-K)' 4.22 1.28 0.85
Liquid thermal conductivity (W/m-K) 0.679 52.3 30.4
Liquid density (kg/m®) 958.6 742.8 663.8
Liquid to vapor density ratio (-) 1624.8 2776.3 1349.9
Liquid Prandtl number (-) 1.76 0.0038 0.0037

2.4. Dimensionless Parameters

Scaling analysis for passive systems such as natural circulation thermal-hydraulics and heat pipes are
challenging due to the coupling of the heat transfer and flow properties [66]. Dimensionless parameters are
used for analyzing physics such as fluid properties, flow regimes, heat transfer mechanisms, and dynamics
in a system during the scaling analysis. These numbers are important for the development of scalable
modeling techniques as well as designing experimental test facilities. Heat pipe operation involves many
physical phenomena such as phase-change heat transfer, two-phase flows, compressibility, entrainment,
and capillary effects. A variety of dimensionless numbers can be obtained by non-dimensionalizing the
governing equations describing two-phase flows in heat pipes. Table 2 summarizes the dimensionless

parameters that can be used for heat pipe analysis.

! Liquid specific heat data from reference [65] at 1 atm.
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Table 2: Summary of dimensionless parameters.

Dimensionless Parameter

Expression

Interpretation

Aspect ratio

a=L/D

Ratio of axial length to inner pipe
diameter

Reynolds number

Rek = pkkah,k/'uk

Ratio of inertial forces to viscous forces

Euler number Ap Ratio of pressure forces to inertial force
Euk — k
PyYy
Mach number v Ratio of gas velocity to sonic velocity
Ma = -+
/US
Weber number p v’D Ratio of inertial forces to surface
KOk hok ,
e, =—— tension forces
o
Modified gas Weber number D (A 1/3 | Ratio of inertial to surface tension
, v
[39] We = Pl g | 2P forces
g9
o P,
Froude number v Ratio of inertial forces to gravitational
Fr =L forces
k g L

Prandtl number

Pr = ,ukcp’k/kk

Ratio of momentum diffusivity to
thermal diffusivity

Péclet number Ratio of heat convection to heat
'Okvath ok
e, = : conduction
' EAT
Density ratio Density ratio of liquid to gas
y P,/ p y q &

f g
Viscosity ratio 1, / u, Viscosity ratio of liquid to gas
Dimensionless time Scaling transient phenomena

tv Ik L g p

Many dimensionless parameters described in Table 2 are widely used by researchers in mechanical and

nuclear engineering. The uncommon ones deserve some elaboration as follows. The modified gas Weber

number is based on the onset of entrainment criteria developed by Ishii and Grolmes [39]. In addition, the

Laplace length ,la/ (gA,o) , a parameter independent of pipe geometry, is proposed as a more suitable

length scale for analyzing entrainment phenomena compared to the pipe diameter according to Wang et al.,

since entrainment is a local phenomenon [67].
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An example to choosing dimensionless parameters for scaling analysis can be given when studying
entrainment phenomenon in a heat pipe. Section 2.2.1 shows the dependence of the entrainment rate on the
liquid viscosity number, film Reynolds number and the modified gas Weber number. Additionally, Ju et al.
have shown the importance of the liquid Weber number on the film thickness as described in Section 2.2.4
[55]. This suggests the parameter’s importance on the liquid film properties. It is also clear based on Egs.
(20) and (32) that the importance of the gas Weber number is the greatest on the entrainment rate and the
film thickness. These parameters can thus be used to scale a prototype for the study of entrainment

phenomena.

3. CONCLUSIONS

The modeling of countercurrent annular two-phase flow is essential to predicting the normal operation and
transients in the two-phase heat pipes and thermosyphons for fission heat removal in nuclear microreactors.
However, there exists no agreement on two-phase flow modeling approaches to be implemented for heat
pipe applications in nuclear reactors. This paper presents the most comprehensive one-dimensional two-
phase three-field modeling framework including conservation equations and constitutive models for the
liquid film, vapor, and droplets. Specifically, required constitutive equations due to the introduction of the
droplet field are thoroughly discussed. The developed modeling framework and constitutive models and
correlations will provide a modeling basis for ongoing research activities and future licensing of heat pipe-
cooled microreactors. It should be noted that most of the existing correlations developed have been verified
and validated based on air-water or steam-water two-phase flow experiments. For the applications in the
microreactors, high temperature working fluids such as sodium or potassium will be used in the heat pipes.
It is critical to design new heat pipe test facilities including advanced wick designs for experiments using
prototype fluids under high-temperature conditions or other surrogate fluids based on a comprehensive
scaling analysis. A discussion on liquid metal working fluids and dimensionless parameters for heat pipe
scaling analysis and model development were given to provide instructions on designing new test facilities.
More experimental data will be needed to validate and improve various constitutive models and correlations
on material properties, heat transfer coefficients, and flow dynamics for the two-phase heat pipes in the
future. The validated heat pipe constitutive models can also be implemented by modern computational tools

currently being developed in national laboratories for microreactors.
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NOMENCLATURE

Latin

a aspect ratio [-]

C droplet concentration in the gas core [kg/ m’]
d droplet deposition rate per unit film surface area [kg/m?-s]
D pipe diameter [m]

Dy, hydraulic diameter [m]

E entrainment fraction [-]

f friction factor [-]

g gravitational acceleration [m/s*]

h enthalpy [J/kg]

Cp specific heat at constant pressure [J/kg-K]

i volumetric velocity [m/s]

k thermal conductivity [W/m-K]

ke effective thermal conductivity [W/m-K]

ka mass transfer coefficient [m/s]

K wick permeability [m?]

M molecular weight [g/mol]
Mip  drag force term between droplet and gas [Pa/m]

M,yicr — drag force term between the liquid and wick [Pa/m]

p pressure [Pa]

Deap capillary pressure [Pa]

Dem maximum capillary pressure [Pa]
q”’ heat flux [W/m?]

r radius [m]

L length [m]

R universal gas constant [-]

t time variable [s]

T temperature [K]

v velocity [m/s]

Vs sonic velocity [m/s]

z axial displacement variable [m]
Eu Euler number [-]
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Fr Froude number [-]
Ma Mach number [-]
N,s viscosity number [-]
Pe Péclet number [-]

Pr Prandtl number [-]
Re Reynolds number [-]
We Weber number [-]

Greek symbol

o void fraction [-]

0d droplet fraction in the gas core region [-]

% film evaporation rate per unit film surface area [kg/m?-s]

rd droplet evaporation rate per unit vapor-droplet mixture volume [kg/m’-s]

Ah enthalpy drop [J/kg]

Ap pressure drop [Pa]

AT temperature drop [K]

Ap density difference [kg/m’]

0 wick thickness or film thickness [m]

& wick porosity [-]

&i liquid area fraction at the wick-gas interface [-]
Ew liquid area fraction at the wall [-]

& droplet entrainment rate per unit film surface area [kg/m>-s]
¢ accommodation coefficient [-]

U liquid viscosity [Pa-s]

p density [kg/m’]

c surface tension [N/m]

T interfacial shear stress between liquid and gas [Pa]

Tiwick  shear stress between gas and wick at the interface [Pa]

Tw wall shear stress [Pa]

Subscript
d droplet

di droplet interface
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f liquid film or liquid

fi liquid film interface

g gas phase

i interface

k liquid or gas phase

/ liquid

1 vapor

w wall
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