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Abstract

Thermal management of high-power X-ray rotating anodes is strictly constrained by/the intense, localized heat
fluxes generated during brief exposure times. This study proposes the integration of a lithium-based Rotating
Pulsating Heat Pipe (RPHP) into the anode and investigates its transient thermal-hydraulic performance using
a Volume of Fluid (VOF) multiphase model, which is heavily influenced by both extreme centrifugal forces
and the intense heat flux applied during the exposure time. The results reveal a fundamental thermodynamic
trade-off governing the optimal rotational speed: while higher rotational speeds enhance internal fluid
circulation as well as latent and sensible heat transport, they simultaneously generate massive hydrostatic
pressures that cause a significant transient delay in the phase-change (boiling) process. Consequently, the
maximum allowable exposure time exhibits'a non-monotonic dependence on the rotational speed. A case study
based on the RAD-14 X-ray tube'was investigated with a heat input of 20 kW on a minimum focal spot size
(0.3 mm). A critical temperature limit of 2200 K was defined to evaluate and compare the allowable exposure
times across different configurations. Compared to a conventional solid anode (which is limited to an exposure
time of 0.4366), the RPHP integration at 8500 RPM achieves optimal thermal performance, extending the
allowablé exposure time to 0.706 s (a 62% increment). However, further increasing the speed to 10000 RPM
exacerbatesithe'pressure-induced boiling retardation, leading to an exposure time of 0.619 s (a 42% increment

relative to the solid base, but a 12% reduction compared to the 8500 RPM peak).

Keywords: Rotating anode X-ray tube, Rotating pulsating heat pipe (RPHP), VOF, Thermal

management
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1. Introduction

Effective thermal management remains one of the primary engineering bottlenecks in modern
high performance computed tomography (CT) systems. In rotating anode X-ray tubes (as
schematically shown in Fig. 1), over 99% of the electron beam energy becomes intensely localized
heat at the focal track, creating sharp transient temperature rises that strictly limit the exposuretime,
the maximum deliverable peak power, and the minimum focal spot size (three parameters central to

radiographic performance).

Cathode

Target

Anode

Rotor

Fig 1. Schemati¢ of a rotating anode X-ray tube [1].

In clinical practice, the thermal operational limits of rotating X-ray tubes are governed by three
standard charts [2]: (1) the radiographic rating chart (which defines the maximum safe exposure
settings—input power, and time—for a single exposure to prevent focal track damage), (2) the anode
cooling chart (which shows, the rate at which the anode assembly dissipates its stored heat,
determining the necessary wait time between exposures), and (3) the housing cooling chart (which
illustratés the long-term heat dissipation from the entire tube housing, governing the overall duty
cycle for continuous operation). Because the anode operates in a high vacuum environment, thermal
radiation is the main mode of heat rejection to the surroundings. Consequently, modifications aiming
to improve the continuous cooling phase (Chart 2) typically focus on enhancing the radiative heat
transfer. For instance, Moon Lee [3] proposed increasing the radiative heat transfer surface area by

stepping the back of the anode disk, reporting an increase in the allowable electron beam power from
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approximately 75 to 100 kW for a 0.1 s pulse. In another study, Lee [1] conducted a transient thermal
analysis to investigate the effect of emissivity on the focal track and rotor assembly. By applying a
high-emissivity black coating (0.95) to the back side of the Titanium—Zirconium—Molybdenum alloy
(TZM) body, the study demonstrated how the surface treatments can further improve heat dissipation.
Other researchers [4] have focused on high-conductivity materials by introducing the use of a
synthetic diamond layer beneath the target surface to rapidly conduct heat away from the focal spot.

Additionally, thermal analyses on high-power rotating anodes [5] have revealéd that improving
thermal conductivity of the anode material, such as using chemical vapor deposition(CVD) tungsten
instead of powder metallurgy, can effectively reduce the focal track temperatures. Kumar et al. [6]
further emphasized through transient thermal analysis during exhaust and degassing processes that
insufficient heat rejection in high-vacuum environments can’ cause, severe damage, including
sublimation of the tungsten—rhenium target and filament failuré.

Recently, Pajovic et al. [7] introduced a namophotonic thermal management approach,
demonstrating that patterning the tungsten@anode surface with a photonic crystal significantly
enhances its total hemispherical emissivity. Similarly, Wang et al. [8] optimized the geometric design
of the rotating anode by altering the tilt angle of the target disk’s backside. They aimed to maximize
the radiation view factor between the high-temperature anode and the surrounding tube shell, and the
results show increasing the net radiative heat transfer by approximately 40%.

Recognizing the thermal limits of relying solely on radiative heat transfer, Wang et al. [9]
investigated an active internal cooling strategy for a 3.5 MHU rotating anode equipped with liquid
metal bearings. They demonstrated that circulating cooling oil directly into the shaft core significantly
reduced thermal strain and prevented bearing seizure.

To overcome these drawbacks and achieve internal heat spreading, Pulsating Heat Pipes (PHPs)
present a robust, passive two-phase solution. Originally introduced by Akachi [10], PHP performance

strongly depends on channel geometry and operating conditions [11-17]. Recent fundamental studies
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have also highlighted the importance of surface morphology; for example, [18] demonstrated that
surface roughness and micro-cavities directly govern stable bubble nucleation and the onset of
oscillatory motion in PHPs. Furthermore, geometrical optimization has proven highly effective. Yu
et al. [19] developed a variable-diameter PHP for industrial extruders, deliberately creating internal
pressure imbalances to accelerate liquid plug formation and significantly reduce start-up time. Similar
structural enhancements, such as cross-bonding and fabric-like internal structures [20], as well as the
optimization of operational parameters [21], have been shown to drastically increase the equivalent
thermal conductivity of PHPs.

Crucially, PHPs have demonstrated exceptional performance in fotating €nvironments where
centrifugal acceleration actively drives condensate return. Preliminary studies by Aboutalebi et al.
[22] proved that rotational speed significantly delays the dry-out phenomenon. Subsequent
investigations into closed-loop PHPs under higher centrifugal accelerations (up to 20g and 800 rpm)
revealed that increased rotation enhances phase-change circulation and minimizes thermal resistance,
with these improvements peaking when the working fluid and filling ratio are optimally selected [23—
25]. Furthermore, practical applications of this concept have been successfully demonstrated, such as
Gao et al.'s [26] use of PHPs to cool rotating wind turbine components at 17.3 rpm.

Despite the independent progress in X-ray tube thermal management and rotating PHP
technology, combining these two domains remains unrealized. As previously noted, approaches based
on enhancing radiative heat transfer—such as increasing effective surface area [3], improving
emissivity [1, 7], or boosting view factor [§]—primarily influence the anode cooling chart (Chart 2)
and cannot,”on their own, suppress the severe and highly localized transient temperature spikes
generated during short exposures. Recent fundamental investigations [27,28] underscore the
destructive nature of these unmitigated transient spikes. Their studies demonstrated that extreme
thermal gradients lead to severe thermo-mechanical degradation, including sub-surface cracking and

the progressive thermal isolation of individual tungsten grains. This physical degradation severely
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restricts internal heat flow, definitively proving that solid-state thermal conduction alone is
fundamentally incapable of dissipating localized energy fast enough to prevent focal track erosion
and melting. While the use of synthetic diamond layers [4] also offers benefits due to its high thermal
conductivity, yet its practical impact is restricted by its small feasible thickness (=0.5 mm) and the
steep rise in cost for thicker layers—while still lacking the fast, deep heat penetration capability
characteristic of two-phase PHP mechanisms. On the other hand, active internal cooling concepts.[9],
face serious practicality issues at high rotational speeds due to mechanical complexity and sealing
difficulties in vacuum environments. As a result, a genuine scientific gap persists: no.existing method
provides a practical, fast response solution for mitigating transient focal track thermal surges within
a rotating anode (Chart 1).

While PHPs offer an ideal passive internal cooling mechanism and thrive under centrifugal forces
[22-26], their application within the extreme environment of a high-speed X-ray anode (285010000
rpm) remains largely unexplored. Most existing numerical investigations of PHPs assume a constant
saturation temperature [29-33]. However,<in ultra-high-speed rotating environments, intense
centrifugal forces elevate the hydrostatic pressure, shifting the nucleation temperature higher and
causing a delay in boiling incipience. Additionally, continuous and rapid heat absorption over short
durations constantly incréases both the pressure and the boiling temperature. Failing to account for
this dynamic, pressure-dependent saturation temperature renders traditional numerical models
fundamentally inaccurate for capturing the transient two-phase dynamics in X-ray anodes.

To bridge this gap, this study introduces a novel thermal management paradigm: the integration
of a rotating pulsating heat pipe (RPHP) directly beneath the focal track of a RAD-14 anode, utilizing
the anode disk itself as an integrated condenser. Supported by accurate numerical modeling with
pressure-dependent boiling temperature, this study demonstrates how the passive internal heat

spreading approach targets the radiographic rating chart directly by accelerating the utilization of the



Journal Pre-proofs

bulk disk’s thermal capacity during the active pulse, offering a highly efficient alternative to the

current cooling bottlenecks.

2. Mathematical Modeling and Numerical Method
To ensure effective pulsating flow within the heat pipe, the inner diameter of the channel(d;) is

designed to be within the capillary range [34].

07 |—2 <4 <18 |—Z 1
Cli=pe)g T (o= p0)g \)

where g is the effective body force, p; and p,, are the liquid and vapor densities, and o is the surface
tension. Within the capillary regime, surface tension forces are balanced with body forces, enabling
the formation of distinct liquid slugs and vapor plugs. Consequently, the positive pressure generated
by rapid vapor bubble expansion drives the fluid frofn the evaporator toward the condenser. As these
bubbles reach the condenser region and shrink or fully collapse due to condensation, the local pressure
drops; this allows the dominant body forces to overcome the vapor pressure and propel the liquid
back to the evaporator, thereby sustaining the continuous pulsating flow. Based on these
considerations, a 0.3 mmX0.3 mm' square channel was selected, which is confirmed to be within the

capillary range for the operational conditions encountered in this study (2850—10000 rpm).

2.1. Physical Medel and Geometry

X-ray tubes are widely utilized for both diagnostic and therapeutic applications; the present study
focuses on a diagnostic X-ray tube (RAD-14 type [35]) shown in Fig 2. (a).

In such devices, high-energy electrons bombard a highly concentrated region on the target,
known as the focal spot. By rotating the anode around its central axis during the electron
bombardment, the thermal energy is swept across a much broader annular area (the focal track) while

maintaining a strictly localized X-ray emission source. This dynamic approach mitigates the thermal
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bottlenecks inherent in stationary anodes, permitting substantially higher electron currents and

consequently, greater X-ray intensities without causing localized degradation or melting of the target.

Tungstem-Rhenium

focal track

Anode .
embedded PHP Molybdenum
ZM L '
4
Pure-Ivon
o

OFC

Rotor 1 & —

Assembly | =

\ High-Emissivity Coating
glass to metal seal lis )
(a) (b) ©

Fig 2. The RAD-14 rotating anode X-ray tube: (a) full 3D geometric representation, (b) simplified
model with key dimensions, and (c) the final computational domain representing a 1.5 degree (1/240™)

periodic sector.

Although the catasttophic structural degradation of the anode typically occurs at approximately
2600 °C [3], a conservative thermal threshold of 2200 K is adopted in this study. This limit provides
a high safety factor against premature failure and serves as a reliable benchmark to comparatively
evaluate the cooling performance of the integrated RPHP.

The immense heat generated by the electron impact is initially absorbed by the anode, elevating
the disk’s temperature owing to its thermal capacity. Before this thermal energy can propagate deeply
into the rotor assembly, it is predominantly dissipated to the surrounding environment (tube housing)
via thermal radiation from both the anode disk and the Oxygen-Free Copper (OFC) component (as

depicted in Fig. 2 (c)). To further enhance this radiative cooling, the external surface of the copper
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block is typically treated with a specialized coating to maximize its thermal emissivity. Conversely,
only a minimal fraction of the heat conducts through the rotor assembly towards the bearings and the
glass-to-metal joint. This thermal isolation is an intentional design choice, achieved by reducing the
heat transfer cross-sectional area and utilizing low-thermal-conductivity materials along the
conduction path from the anode disk to the rotor, ultimately terminating at the glass-to-metal“seal.

Given that heat conduction to the rotor is negligible especially during the extremely short duration of
a single-pulse operation the rotor assembly is excluded from the computational dgmain. Therefore,
the numerical model focuses on the simplified solid structure shown in Fig. 2/(b). The core geometry
comprises the rotating anode disk (made of Molybdenum alloy TZM) integrated with embedded
square mini-channel (0.3 mmx0.3 mm), which form the RPHP network directly beneath the
Tungsten-Rhenium focal track (the evaporator section).

To significantly reduce the enormous computational cost associated with transient 3D multiphase
simulations, the computational domain is réstricted to.a 1/240 sector of the anode disk (Fig. 2 (c)).
This structural simplification assumes anhdrchitecture of 240 equally spaced mini-heat pipes
distributed azimuthally (8-direction) around the disk. Symmetry boundary conditions are applied to

the lateral faces of the sector to/accurately replicate the continuous 360° nature of the physical disk.

2.2. Multiphase Flow and Fluid Domain Equations
The Volume of Fluid (VOF) model [31-33] was employed to model the two-phase flow behavior
within the pulsating heat pipe. In this study, the VOF model is implemented within a rotating reference

frame to account for centrifugal effects described as below [36].

2.2.1. Conservation Equations in a Rotating Reference Frame
In the rotating reference frame, the relative velocity (v,) is defined in relation to the absolute

velocity (¥) and the whirl velocity (@ X 7).
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v, =U—wXT )
where @ is the angular velocity vector and 7 is the position vector from the origin of the rotation. The
conservation equations for mass, momentum, and energy, adapted for the VOF model and rotating

frame, are as follows:

d(a;) Ly Sl

ot + V. (alvr) = 01 (3)
aav 5N Sm.lv

ot +V (avvr) = Py (4)

where a; and «,, are the void fraction of liquid and vapor phases, p; andp,, are their densities, and
Sy and S, 1, are the mass transfer source terms from vapor to liquidphase and vice versa. The void
fractions sum to unity (a; + a, = 1)

The mass source terms S,; ,,; and Sy, 5, are evaluated using the Lee evaporation—condensation

model [37], as presented in Eq. (5):

(T B Tsat)
X ——— T <T
S = f X aypy Tons sat
0 T > Teqr
6))
0 T < Tt
S =) xage, e g,
Tsat

The f coefficient represents the relaxation time. This coefficient is obtained from the Hertz—
Knudsen formulation, derived based on kinetic theory and several assumptions were employed in its
formulation; including a planar interface, a dispersed regime with constant droplet diameter, and a
knownwvalue of the parameter  (accommodation coefficient [36]). Therefore, it should be determined
empirically for each specific case study.

In the following sections, a parametric investigation of this coefficient is conducted.

The VOF model computes a single shared velocity field, assuming negligible relative (slip) velocity

10



Journal Pre-proofs

between the phases. This perfectly aligns with the characteristic liquid slug/vapor plug regime of
PHPs, where vapor plugs occupy the entire channel cross-section rather than existing as dispersed or
free-floating bubbles. Although a microscopic thin liquid film inherently exists at the walls, our
macroscopic approach implicitly accounts for its effects within the mass transfer model.
Consequently, the shared-velocity assumption is physically valid for this flow regime: The

corresponding shared momentum equation is presented below.

a(pvy)
at

+V. (0% 5) = —Vp + V. [u (V5 + W) + pg

—p[@B X (B X7) 4+ 28% Vil + Epyy  (6)
where p is the mixture density, p is the pressure, pis the mixtire \dynamic viscosity, g is the

gravitational acceleration, p[w X (w X r)] is the centrifugal force term, p[2w X v,] represents the

Coriolis force in the rotating frame, and 13,,01 includes other body forces like surface tension, modeled
here via Continuum Surface Force model [38]as below:

__ OpkVay,
%(pv+pz) )

S
In this equation, o is the surfaceitension and k is the curvature of the liquid-vapor interface.
The curvature of the liquid—vapor intetface is obtained from the divergence of the gradient of the

Vay,

vapor volume fraction.(k = V - (IVavl)) [36].

In the VOF maodel, the liquid and vapor phases are assumed to be in thermal equilibrium within
each computational cell. Therefore, a single energy equation, utilizing averaged mixture properties,

is solved for the fluid domain. This energy equation is expressed as below:

9 (pEy S oy o
2LV - [pB,Hy] = V- (keggVT + u(V5,) - 3,) + Sy (8)

In this equation, k.r; denotes the overall conductive heat-transfer coefficient. The term Sy

represents the energy transfer associated with mass transfer, which is evaluated using Eq. (9) [31].

11
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Sn = —hwSmiw = NwSmn )
In this context, h;, refers to the latent heat of phase change from liquid to vapor.
The relative internal energy of the fluid is denoted by E,. and can be obtained from Eq. (10).

Similarly, the total relative enthalpy of the fluid, H,., is determined using Eq. (11)

p 1

Er:h_;-l'z(vr?_u?%) (10)
1

Hr=h+§@£—uh (1)

Here, the enthalpy h represents the sensible energy of the fluid, which is calculated.using Eq. (12).

The vector u, denotes the rotational velocity (w, = W X 1)

h = alplhl + avpvhv

(12)
ap; + Ay Py

In this relation, h; and h, represent the sensible energy of the liquid and vapor phases,
respectively. These quantities are calculated from Egs. (13)and (14), respectively. The zero-reference

value of this energy is taken at the saturation condition.
hy = Cp (T — Tsqr) (13)

hy = Cop (T — Tsar) (14)
The mixture fluid properties such as’density (p), thermal conductivity (k.sf), and dynamic viscosity

(u) are calculated based on the void fraction of each phase using mixture rules:

p = aip; + aypy (15)
keff = alkl + avkv (16)
U= agy + ayly, (17)

2.2.2. Turbulence Modeling
The k — w SST (Shear Stress Transport) turbulence model is employed to resolve the flow

dynamics. The primary rationale for selecting this model is its robustness in handling varying near-

12
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wall conditions. Given that the present study evaluates various rotational speeds and mass transfer
frequencies (f) utilizing a unified mesh scheme, the near-wall velocity gradients and local y* values
can fluctuate significantly across different cases. The SST model addresses this through its advanced
blending functions; these functions not only facilitate a seamless transition from the k — w
formulation in the near-wall region to the k — € formulation in the central bulk flow of.the 0:3 mm
channel, but also when coupled with a y*-insensitive wall treatment automatically adapts to.the loeal
mesh resolution. This dual blending capability ensures accurate boundary layer predictions regardless
of the varying y* values, completely eliminating the need for mesh modifigations for each specific

operating condition.

2.3. Phase Change Kinetics
2.3.1. Lee Mass Transfer Model

In the present numerical framework, the evaporation and condensation frequency coefficient (f)
in the Lee model was evaluated at three distingt values (0.1, 10, and 1000 s ), with 1000 s~ ! ultimately
selected for the liquid lithium domain.\While the default value is often 0.1 s™! for conventional fluids,
practical engineering applications frequently require values up to 1000 s ! to accurately capture rapid
phase change dynamics [36]. Furthermore, comprehensive assessments [39, 40] demonstrate that this
empirical factor can physically range from 0.01 to 107 s depending on the thermophysical regime.
Based on the, exact Lee model formulation derived from the Hertz-Knudsen equation (f =

6 8 M
d "\ 2R Teqr

L(p—plT)) [36], the application of /=1000 s ! for the Lithium-filled Rotating Pulsating
=Pg

Heat Pipe (RPHP) is fundamentally justified. The accommodation coefficient, f, which is often low
for polar fluids like water due to significant interfacial thermal resistance, approaches its theoretical

kinetic limit (f—1) for liquid lithium in this application due to a synergy of factors:

(1) Impact of Thermophysical Properties and Geometric Scale: Excluding the accommodation

13
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coefficient (f), the theoretical phase change frequency of lithium is orders of magnitude greater than
that of water, driven by both its intrinsic properties and the geometric scale of the application. For our
validation case of water at 96 °C (d=4.5 mm), the theoretical frequency evaluates to fyater=2.8x10° S.
In stark contrast, for liquid lithium evaluated at 1300 K within the RPHP mini-channel (¢=0.3 mm),
the high latent heat yields a massively higher phase change frequency (fLihium=1.3x108 ).

(2) Extreme Centrifugal Forces and Thin-Film Formation: High rotational speeds (2850~
10,000 rpm) generate immense centrifugal acceleration (up to ~ 3200g). This compresses the liquid
lithium against the channel walls, creating an ultra-thin film. This morpholggical ehange is critical
because it directly mitigates interfacial thermal resistance, a primaty factor that lowers B in
conventional systems. By minimizing the conduction path from the wall to the liquid-vapor interface,
the heat required for vaporization is supplied instantaneously, préventing the local temperature drop
that would otherwise hinder phase change kinetics. Consegtiently, the process is no longer limited by
thermal transport, allowing B to approach it§ theoretical kinetic limit of unity.

(3) Superior Thermal Conductivity: Liquid lithium possesses exceptionally high thermal
conductivity (A~60 W/m-K), approximately 100 times that of water. This property, combined with the
ultra-thin film created by rotation,virtually eliminates interfacial thermal resistance. Heat required
for vaporization is supplied instantaneously to the interface, preventing the local temperature drop
that typically lowerS the effective § in conventional fluids.

(4) Engineered Surface Topography: The internal walls of the RPHP are not treated as ideal
smooth/surfaces. Instead, they are deliberately engineered with a specific micro-scale topography,
including fabricated cavities. This is not incidental roughness but a targeted design feature intended
to maximize phase change efficiency. By creating these surfaces, we drastically increase the density
of active nucleation sites, promote capillary-assisted liquid spreading, and enhance the effective
interfacial area. This engineered approach accelerates evaporation kinetics far beyond what is

possible on a smooth, flat interface.

14
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Considering the aforementioned points, it is evident that the phase change process of liquid lithium
in this system operates close to its ideal kinetic limit. With B approaching unity, the theoretical

coefficient can practically exceed 107 s™!. Therefore, the utilized value of /=1000 s

is a highly
conservative, physically robust estimate that ensures numerical stability while adequately resolving

the rapid evaporation kinetics of lithium.

2.3.2. Pressure-Dependent Saturation Temperature

To accurately model the phase change dynamics, strict thermodynamic consistency must be
maintained between the initial state and the transient evolution of the system. The simulation
initializes at a pre-heated state of Tj;,,;; = 1300 K. Accordingly, the initial internal pressure (Pjy,;¢) s
strictly set to approximately 6586 Pa, which precisely corresponds to the equilibrium vapor pressure
of lithium at this initial temperature.

During the transient simulation, the local pressure field evolves due to heat addition, phase
change, and rotational forces. The local presstre of the vapor phase is dynamically computed using
the Peng-Robinson Equation of State (PR-EOS), which accurately captures the compressibility and
real-gas behavior of lithium vapor under these operating conditions. The choice of PR-EOS provides
an optimal balance, ensuring sufficient thermodynamic accuracy to capture the high sensitivity of
saturation temperatute to pressure, while avoiding the severe numerical divergence often caused by
integrating custom equations of state (via UDFs) with the highly non-linear VOF model under
extreme body forces.

The PR-EOS is formulated as follows [36]:

RT a(T)
p =

“v—b v(+b)+b(v-Db) (18)

where p is the pressure, T is the absolute temperature, v is the molar volume, and R is the universal

gas constant. The substance-specific parameters a(T) and b are determined from the critical

15
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properties (T,, p.) and the acentric factor (w):

2m2

a(T) = 0.45724 —=a(T) (19)

Cc

b =0.07780" (20)

The temperature dependency of the attraction parameter is captured by a(T), which is a funetion

of the acentric factor w:

2

T

aM)=[1+k|[1- |= 21)
T,

k = 0.37464 + 1.54226w — 0.26992w? (22)

The required lithium properties for this equation of state are specified as follows [41]: critical
temperature 7.=3220 K, critical pressure p.=67x10° Pag“molecular weight M=6.9 g/mol, and an
acentric factor of w=—0.045. Simultaneously, severe centrifugal acceleration in the high-speed RPHP
induces substantial hydrostatic pressuré gradients (AP « p,r?w?) within the liquid phase. To
determine the accurate onset of boiling and condensation under these fluctuating pressure fields, the
model dynamically couples the local absolute pressure to the phase-change temperature. This is
achieved by inputting the dataset of lithium’s saturation temperature as a function of saturation
pressure (Tsq; Vs. Psge) [41] into the solver as a piecewise-linear profile. At each computational cell
and time step, the solver utilizes the locally calculated pressure (derived from the PR-EOS and
momentum_equations) to interpolate this dataset, yielding the exact local boiling temperature,
Tsat(Procar)- This rigorous coupling ensures that the boiling point shifts physically in response to both

the centrifugal hydrostatic penalty and the transient vapor pressure generation.

2.4. Solid Domain and Interfacial Conditions
2.4.1. Heat Conduction in Solid Regions

The transient temperature distribution within the solid components of the anode (i.e., the TZM

16
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disk and the tungsten-rhenium focal track) is governed by the three-dimensional unsteady heat

conduction equation. The energy equation is expressed as [42]:

oT.
psCps a_ts = V. (ksVTs) (23)

where pg Cps and kg represent the density, specific heat capacity, and thermal conductivity .ef,the
respective solid material, and T is the solid temperature.
The primary thermal load from the electron beam is applied as a highly concentrated; transient

heat flux boundary condition at the focal track surface:

ks (VT5. 1) = qep (1) (24)
where 7 is the unit normal vector to the target surface, and q_), (*).is the spatial distribution of the

electron beam heat flux.

2.4.2. Conjugate Heat Transfer (CHT) and Interface Coupling

To accurately model the heat flow throughout the entire computational domain, specific coupling
conditions are enforced at the interfaces between different materials and phases. Perfect thermal
contact (zero thermal contact resistance) is assumed at the interfaces between the different solid
domains of the anode (i.e., Tungsten and TZM). This assumption is physically justified because, in
the practical manufacturing of high-performance rotating X-ray anodes, these distinct material layers
are cohesively bonded using techniques such as powder metallurgy, high-temperature vacuum
brazing, or chemical vapor deposition (CVD) to endure extreme centrifugal forces and thermal
stresses.
Solid-Solid Interface: At the interface between two different solid materials (e.g., the tungsten-
rhenium focal track and the TZM anode disk), the continuity of both temperature and heat flux is

strictly maintained:

17
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Ty =T, (25)

-ks1 (VTsl- T_iint) = —ks, (VTSZ' T_iint) (26)

where subscripts s1 and s2 denote the two adjacent solid materials, and 7i;,,; is the normal vector at
their common interface.
Solid-Fluid Interface (Conjugate Heat Transfer): To couple the solid domain with theé multiphase
working fluid (lithium) inside the RPHP channels, a Conjugate Heat Transfer (CHT) approach is
utilized.

A no-slip boundary condition is applied at the fluid-solid interface, mandating that the fluid
velocity at the wall is equal to the velocity of the rotating solid 4wall. For the thermal coupling, the

interface requires the continuity of temperature and conductive‘heat flux, similar to the solid-solid

boundary:
T, =Tf 27
-ksy (VTs-ﬁint) = _keff(VTf-ﬁint) (28)

2.5. Boundary Conditionsy Initial Conditions, and Material Properties
The domain reproduces the multi-material construction of the anode: W-Re, Molybdenum, TZM,

Pure-Iron, and OFC.

2.5. 1, Boundary and Initial Conditions
Asdllustrated in Fig. 3, the computational domain is subjected to specific thermal and rotational
boundary conditions to simulate operational exposure. the complete set of applied initial and

boundary conditions, including surface emissivities for radiative cooling, are summarized in Table 1.
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Table 1. Summary of initial and boundary conditions applied to the numerical domain.

Domain Condition Type Value / Description

Focal Track Heat Flux Equivalent to a 20-kW heat input

Radiation to Environment Emissivities (€): W-Re =0.3, TZM = 0.2, OFC = 0.9, Fe = 0.05,
External Surfaces

300K Mo =0.1
Lateral Sect
: ;rlarl facz(s: o Boundary Condition Symmetry (Z—Z =0)
) . Rotation in the positive y-direction at four angular velocities (28503
Anode Disk Frame motion
3450, 8500, and 10000 rpm)
Fluid and solid Initial Temperature 1300 K (representing sequential scans)
Fluid Initial Pressure 6586 Pa (Saturation pressure at 1300 K)
Fluid Initial Liqu.id Filling -
Ratio

The lateral surfaces of the simulated 1.5 sectof’” aré» modeled using symmetry boundary
conditions. While rotational periodic boundariessare generally standard for continuous rotating
domains, the specific configuration of out model lacks embedded pulsating heat pipe (PHP) channels
in the azimuthal (0) direction. Consequently, témperature variations and gradients in the 6 direction
near the lateral boundaries are practically negligible. Under these specific geometrical constraints,
the computationally simpler. symmetry boundary condition is mathematically adequate and yields
thermal results equivalent to periodic conditions without compromising accuracy.

Regarding the initial thermal state, the entire computational domain is set to an initial temperature
of 1300 K. In practical operation, X-ray tubes are typically evaluated under sequential loading
conditions rather than an idealized cold start. Rating charts indicate that the maximum applicable
power depends on thermal history: a cold tube permits the highest instantaneous load, whereas a pre-
heated tube, consistent with realistic disk temperatures, operates at a reduced allowable power.
Therefore, 1300 K represents a physically plausible operating scenario for sequential scans.
Consequently, the initial internal pressure of the RPHP is set to 6586 Pa, corresponding to the

saturation pressure of lithium at this operational baseline temperature.
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Fig 3. Boundary conditions applied to the computational domain: (a) distribution of surface emissivity

coefficients on the exterior boundaries, and (b) location of the applied heat flux and symmetry planes on the

1.5 sector model.

PHP Geometry: The embedded pulsating heat pipe (PHP) is machined beneath the Tungsten—
Rhenium layer, fully located, within‘the TZM region. The channel cross-section is square with
dimensions of 0.3 mm x 0.3 mm. The PHP geometry has an in-plane length and width of 6 mm x
11 mm, as indicatediin Fig. 2 (c). Radially, its farthest point lies at 31.5 mm from the y-axis. In the
circumferéntial (6).direction, the PHP is positioned at the center of the simulated 1.5° sector. The
adoption of a rectangular loop geometry for the internal channels is primarily driven by
manufacturability constraints. Given the extreme hardness of the TZM alloy used in the anode,
creating deep, internal curved channels (e.g., elliptical loops) is highly impractical. Standard precise
machining methods for such refractory metals, such as Spark Electrical Discharge Machining,

naturally yield straight paths. Thus, evaluating the PHP under these practical, worst-case
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manufacturing constraints ensures that the proposed cooling design is both thermally effective and

industrially feasible.

2.5.2. Thermophysical Properties of Materials

Although the target surface temperature experiences a drastic increase from .1300°K" to
approximately 2200 K during the operation, the temperature variation within the heat pipe itself is
significantly restricted, ranging only from 1300 K to about 1760 K. This bounded témperature range
is a direct result of the effective temperature-regulating mechanism provided by the liquid metal
phase change. Consequently, to facilitate numerical convergence and maintain a reasonable
computational cost in the model, the primary thermophysical properties of lithium including density,
specific heat capacity, thermal conductivity, dynamic viscosity (for both liquid and vapor phases),
latent heat, and surface tension were assumed to.be constant and evaluated at the reference
temperature of 1300 K.

Instead, the primary modeling focus was directed toward the pressure dependence of the
saturation temperature (Ts(p;ocq;))- This is a critical physical aspect of the present study, as the local
internal pressure of the heat pipe undergoes substantial spatial and temporal variations due to the
immense centrifugal for€es at\varying rotational speeds and the transient heating process. The
thermophysical properties utilized in the present numerical simulation for lithium and TZM are
summarized in Tables,2 and 3, respectively. The temperature-dependent properties of other solids,

including tungsten-rhenium, copper, iron, and molybdenum, were obtained from Incropera [42].

Table 2. thermophysical properties of lithium [41].

hy, Pi n iy k; k, o (4] Ccpy
(kd/’kg) (kg/m®) (N.s/m?) (N.s/m?) (WmK) W/mK) ON/M) I/kgK) (I/kgK)

20380 432 0.00019  1.2x107° 62 0.15 0.28 4160 532
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Table 3. thermophysical properties of TZM [43].

Temperature (K) p (kg/m?) Cp (J/kg.K) k (W/m.K)
300 10200 226 123
1673 10200 356 89
2273 10200 410 77

2.6. Summary of Physical Parameters and Variables

Several heat pipe parameters—such as the type of working fluid, the geometri¢ architecture of
the channels within the anode disk (including length, width, and arrangement), and the liquid filling
ratio—significantly influence the thermal performance of the X-ray=tube and could potentially be
subjected to parametric studies. However, in the present study, these parameters were strategically
optimized and fixed based on specific engineering rationales:
Working Fluid: For the target high-temperature ‘range, silver, sodium, and lithium are viable
candidates. Lithium was specifically selected as the optimal choice due to its appropriate vapor
pressure within the anode’s operating regime, exceptionally high latent heat, and high surface
tension, which allows it to maintain.equilibrium against extreme centrifugal forces. Additionally, its
low-density results in lower hydrostatic pressure under rapid rotation, thereby minimizing nucleation
delay at high rotational speeds.
Geometric Architecture: The channel cross-sectional dimensions (0.3x0.3 mm) are strictly
governed by Equation (1) to satisfy the necessary capillary limit, leaving minimal design flexibility
for this specifi¢c parameter. However, the length, width, and overall structural layout of the channels
were deliberately tailored by the author to maximize the utilization of the anode disk’s thermal
capacity.
Filling Ratio: A relatively high initial liquid filling ratio was adopted to effectively mitigate the risk

of dry-out phenomena under severe thermal loads.
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With these foundational design choices established, the physical framework of the problem prior
to the mesh independence analysis is explicitly categorized into independent (influencing) and
dependent (influenced) parameters to clarify the numerical inputs and expected outcomes
Independent Parameters: Geometric Parameters: Dimensions of the final computational domain,
including the features illustrated in Fig. 2(b, c) and the supplementary geometrical data detailed in
Section 2.5.1.

Operational and Boundary Conditions: Thermal load at the focal track, anode rotational speed,
ambient temperature, radiative cooling emissivity, and initial liquid filling ratio.

Thermophysical and Multiphase Properties: Solid material properties, PREEOS for lithium
vapor, latent heat of vaporization, surface tension, and phase change parameters (specifically, the
evaporation and condensation frequencies used in the Lee model{[36]).

Dependent Parameters:

Primary Field Variables: Pressure fields fluid velocity vector, temperature field, and volume
fractions of liquid and vapor phases and interphase mass transfer rate.

Extracted Performance Metrics: Since the primary objective of this study is to determine the
maximum allowable exposure time before the average focal track reaches the critical temperature
limit of 2200 K, the average temperature of the focal track (7a) is selected as the key index for the

mesh independence‘study.

3. Numerical Validation and Mesh Independence
3.1. Numerieal Validation

To establish the validity of the numerical framework, a benchmark study was conducted. A
central feature of the present simulation is the coupling of the Volume of Fluid (VOF) method with
a pressure-dependent saturation temperature formulation (Ts.:(p)) within the Lee phase-change

model. Therefore, a primary objective of this validation was to specifically verify the model’s
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accuracy in predicting the transient pressure dynamics that govern the boiling process. For this
purpose, the experimental investigation by Yang et al. [44] on a stationary Pulsating Heat Pipe (PHP)
was selected, as it provides the necessary experimental pressure data for a direct comparison.

The experimental setup from the reference study is shown in Fig. 4. A numerical simulation was
performed replicating this geometry. In their setup, a copper tube with an inner diameter. of 455 mm

and an outer diameter of 6.2 mm was utilized, and water was selected as the working fluid.

Diameter
4}.5 mm

m Vilve

Pressure Condensation
transducer section 140 mm

H i Q s
: - S o
Multi- S8CE
channel =R 2
data :E 2N
acquisition
system
g
- 8
\ £ E
..... 8_‘6 8
25 mm) € 2=
47}

Fig 4. Schematic setup of validation model [44].

Fig. 5 presents a comparison between the transient internal pressure predicted by our numerical
model and the experiméntal measurements. The simulation results, obtained with a mesh size of 0.1
mm and an evaperation-condensation coefficient of 0.1, demonstrate excellent agreement with the
experimental data. The'numerical prediction (Fig. 5(a)) faithfully reproduces all three experimental
regimes (Fig. 5(b)): the initial gradual pressure rise, chaotic pulsations due to slug formation, and the
quasi-steady plateau (~70 kPa) after approximately 40 s. It should be noted that due to the inherently
chaotic and stochastic nature of two-phase flow in PHPs, exact point-to-point temporal matching
between numerical and experimental pressures is not feasible. The slight deviations in the transient

phase and initial pressure are attributed to idealized conditions in the CFD model and experimental
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uncertainties; however, the excellent agreement in the fluctuation trend and maximum steady-state

pressure (~76 kPa vs ~72 kPa) confirms the reliability of the present numerical model.
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Fig 5. Comparison of the heat pipe internal pressure variationsrovertime: (a) present numerical simulation,
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(b) experimental results{44].

This strong correlation validates the fundamental accuracy of the implemented two-phase flow
and heat transfer physics. However,it is crucial to highlight the distinctions between the validation
case and the primary focus of thé present research. Table 4 outlines these key differences. While the
validation study confirms«the solver’s core capabilities for modeling boiling and condensation, our
work extends this validated framework to a significantly more complex and extreme environment.
The present study introduces ultra-high-speed rotation, which generates massive body forces
(centrifugal "and C€oriolis) entirely absent in the stationary PHP benchmark. Furthermore, the
application involves extreme high-temperature conditions and utilizes a liquid metal (lithitum) as the
working fluid, requiring the model to capture complex two-phase hydrodynamics and thermal

phenomena within the X-ray anode.
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Table 4. Comparison between the Validation Study and the Present Work.

Feature Validation study [44] Present work
Geometry Simple pulsating heat pipe (PHP) RPHP within an x-ray anode
Working fluid Conventional fluid (water) Liquid metal (lithium)
Operating temperature Low to moderate Extremely high
Primary physics Stationary two-phase flow Rotating two phase flow
Dominant forces Gravity, Surface Tension Centrifugal, Coriolis, Surface/Tension
Objective Characterize PHP performance  Enhance anode thermal performance

3.2. Mesh Independence Study

Having successfully validated the numerical framework against experimental data in the
preceding section, the focus now shifts to the primary case study:the rotating anode X-ray tube.
Before proceeding with the main parametric investigations, a mesh independence study was
conducted specifically for this geometry to ensure the reliability of the numerical results.
To evaluate mesh independence, three polyhedral grids: coarse (0.075 mm), medium (0.045 mm),
and fine (0.03 mm) were generatedifor the fluidregion using Fluent Meshing (exemplified in Fig. 6),

with the surrounding solid domaimmeshed using a growth rate of 1.2.

Fig 6. The polyhedral computational mesh used for the numerical simulation.
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As shown in Fig. 7, evaluating the average focal track temperature at r=0.561 s reveals close
convergence between the medium (2176.8 K) and fine (2184.6 K) grids. Because the relative
deviation is merely 0.35%, the medium mesh was adopted for all simulations to maintain high

accuracy while reducing computational cost.
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Fig 7. Effect of mesh size onaverage focal track temperature (mesh study).

4. Results and Discussion
4.1. Effect of Mass Transfer Frequency on RPHP performance

The accuracy eof the Lee phase-change model heavily relies on the empirical mass transfer
frequencys(relaxation time), denoted as f. While theoretical expectations suggest that the mass transfer
frequency. for liquid metals like lithium significantly exceeds 1000 s™!, its exact value in this specific
extreme environment remains uncertain. To ensure a conservative prediction of the cooling capacity,
an upper limit of 1000 s! was adopted. Furthermore, a parametric study was performed including
artificially lower frequencies (/=0.1 and 10 s™') alongside /~1000 s ! at a rotational speed of 8500
rpm. This analysis aims to evaluate the system’s thermal response if unforeseen factors—such as

impurities, non-condensable gases, or any other restrictions—were to severely degrade the effective
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evaporation and condensation rates. The thermal response was compared against a baseline solid
target (without the embedded heat pipe). Fig. 8 illustrates the mean temperature at the focal track for

the different cases, with the resulting allowable exposure times summarized in Fig. 9.
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Fig 9. Allowable exposure time for the system without a heat pipe and with 7za heat pipe at different f at
8500 rpm.
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A critical physical phenomenon is observed: for low evaporation-condensation frequencies
(/=0.1 and 10 s "), the RPHP performs poorly. The allowable exposure times in these cases are 0.418 s
and 0.419 s, respectively. Counter-intuitively, these values are approximately 4% shorter than the
0.436 s achieved by the baseline target without a heat pipe, indicating a detrimental effect. In stark

contrast, a high frequency of f~1000 s!

enables effective thermal management, extending the
exposure time to 0.706 s, a 62% improvement over the baseline.

This adverse effect is physically sound. At low mass transfer frequencies, the phase-change
process is highly suppressed. This thermohydraulic behavior is vividly substantiated by the vapor
volume fraction distributions (Fig. 10 (a)). At /=0.1 and 10 s™!, phase ¢hange i§"Severely restricted,
resulting in sparsely distributed, isolated vapor bubbles with negligible volumetric presence. The
micro-channels remain predominantly filled with liquid lithiumi (vaper fraction =0). Since liquid
lithium possesses a lower thermal conductivity compated to ‘the solid TZM alloy it replaces, the
inactive RPHP acts as an internal thermal resistance, governed strictly by weaker thermal conduction.

Conversely, setting /=1000 s ' accurately captures the vigorous micro-scale boiling expected
under severe centrifugal forces. As observed in the vapor volume fraction contour for /=1000 s,
rapid and continuous nucleation /ceurs. The intense vapor generation leads to rapid bubble
coalescence, forming extensive vapor slugs and transitioning the system into an annular-like flow
regime along the channel boundaries.

As shown,in the relative velocity magnitude contours (Fig. 10 (b)), while the suppressed boiling

at low frequencies results in low fluid motion (V,4~1.01—1.33 m/s), the continuous vapor generation

at £=1000 s™"drives a robust circulation of the working fluid with velocities surging up to 8.49 m/s.
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Fig 10. Ef%&s transfer frequency on volume fraction (a) and velocity contours (b) at 0.5 s.

Thed effect of an annular-like vapor flow and high-velocity liquid circulation signifies
ssful ac

the su tivation of the RPHP. The dominant heat transfer mechanism successfully transitions
from poor liquid conduction to highly efficient two-phase flow boiling and latent heat and sensible
heat transport. Consequently, the focal track temperature is drastically mitigated. Based on this

comprehensive thermohydraulic evidence, £=1000 s~' was established as the physically consistent,

yet fundamentally conservative, parameter for the active RPHP in all subsequent simulations.
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4.2. Effect of rotational speed on RPHP performance

The primary metric for evaluating the thermal performance of the RPHP-integrated anode is the
maximum allowable exposure time before the average focal track temperature reaches a predefined
critical limit of 2200 K. Since commercial rotating anode X-ray tubes typically operate at distinct,
predefined rotational speeds, four standard operational speeds—namely 2850, 3450, 8500, and«10000
rpm—were selected for the present analysis. The investigation into the effect of these rotational
speeds reveals a non-monotonic relationship with the allowable exposure time, as/illustrated by the
transient temperature profiles in Fig. 11 and summarized quantitatively in Fig. 12.

The results clearly demonstrate the efficacy of the RPHP. The basé¢line anode without an RPHP
reaches the critical temperature in just 0.436 s. The integrationof the RPHP extends this duration
across all tested speeds. A progressive enhancement is observed as the rotational speed increases from
2850 rpm (0.528 s) to 3450 rpm (0.589 s), culminating in‘an optimal performance at 8500 rpm. At
this speed, the focal track can sustain thehermal load for a maximum of 0.706 s, representing a

significant 62% improvement in exposure timé compared to the baseline.
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Fig 11. Effect of rotational speed on the average focal track temperature evolution.
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Fig 12. Allowable exposure time for the system without a heat pipe and with a heat pipe at'different

rotational speed.

However, this trend reverses at higher speeds. At 10000  rpm, 'a degradation in thermal
performance is observed, with the allowable exposure_ time decreasing to 0.619 s. While still a
substantial improvement over the baseline, this is’a 12% reduction from the peak performance
achieved at 8500 rpm. The following analysis of the detailed velocity and pressure fields (as shown
in Fig. 13 and Fig. 14) delves into the competing physical mechanisms responsible for this
performance trade-off and the existence of an optimal rotational speed.

Centrifugal acceleration plays'a dual role in the thermal-hydraulic performance of the RPHP .
Fig. 13 illustrates the vélocity contours of the liquid-vapor mixture at /=0.5 s for different rotational
speeds ranging from 2850 to 10000 rpm. A monotonic increase in the maximum fluid velocity is
clearly observed. As the rotational speed increases from 2850 rpm to 10000 rpm, the maximum
citeulation velocity accelerates significantly from 4.33 m/s to 11.6 m/s. This flow acceleration is the
result of a dual pumping mechanism within the closed-loop geometry. On one hand, the intensified
centrifugal acceleration at higher speeds strongly propels the liquid condensate back from the
condenser to the evaporator. On the other hand, this robust centrifugal return flow is coupled with the
pressure-driven pumping action caused by continuous bubble generation and expansion in the

evaporator, resulting in a significantly higher internal circulation velocity.
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Fig. 13. Velocity contours illustrating the effect of rotationa d on the internal fluid circulation at /=0.5 s.
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Fig. 14. Pressure contours illustrating the effect of rotational speed on the hydrostatic pressure build-up at

early stages (=0.01 s).
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Centrifugal acceleration plays a dual role in the thermal-hydraulic performance of the RPHP .
Fig. 13 illustrates the velocity contours of the liquid-vapor mixture at /=0.5 s for different rotational
speeds ranging from 2850 to 10000 rpm. A monotonic increase in the maximum fluid velocity is
clearly observed. As the rotational speed increases from 2850 rpm to 10000 rpm, the maximum
circulation velocity accelerates significantly from 4.33 m/s to 11.6 m/s. This flow acceleration’is the
result of a dual pumping mechanism within the closed-loop geometry. On one hand, the intensified
centrifugal acceleration at higher speeds strongly propels the liquid condensate back from the
condenser to the evaporator. On the other hand, this robust centrifugal return flow is'.coupled with the
pressure-driven pumping action caused by continuous bubble generation and“expansion in the
evaporator, resulting in a significantly higher internal circulationwelocity.

Consequently, one might expect that higher rotational speeds would continuously yield superior
thermal performance due to the enhanced convective héat transfer and faster fluid circulation.
However, the transient temperature response reveals a contradictory, non-monotonic behavior: the
thermal performance improves up to an optimal speed (8500 rpm) but degrades at extreme speeds
such as 10000 rpm.

This apparent paradox is fesolved by examining the local thermodynamic state of the fluid,
specifically the hydrostatic pressure distribution depicted in Fig. 14. This figure represents the
hydrostatic pressurée distribution resulting from centrifugal forces at various rotational speeds at 0.01
s. The selected time 0f 0.01 seconds was chosen to clearly display the developed hydrostatic pressure
before significant thermal and mass transfer effects influence the pressure contours. In a high-speed
rotating environment, the fluid at the outer radius (evaporator section) is subjected to an extreme
hydtestatic pressure induced by the centrifugal force. Given the pressure-dependent nature of the
saturation temperature, T, (p), which was rigorously implemented in our numerical model, this

surge in local pressure dramatically elevates the boiling point of liquid lithium at the evaporator walls.
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At moderate rotational speeds (up to 8500 rpm), the benefit of enhanced centrifugal pumping
outweighs the slight delay in boiling. The generated vapor bubbles are rapidly swept away, facilitating
a vigorous two-phase flow and an efficient latent heat transport. Conversely, at ultra-high speeds
(10000 rpm), the detrimental effect of the excessive hydrostatic pressure becomes the dominating
physical mechanism initially. The elevated saturation temperature acts as a thermodynamic barrier,
suppressing the nucleation of vapor bubbles and causing a temporal delay in the phase-change
process. Although the fluid has a higher potential for rapid circulation (as evidenced by the 11.6 m/s
velocity contour), the delay in vapor generation stalls the pulsatile action in the early stages.

As evident in the temperature-time plots, this thermodynamic barfier explaifis why the 10000-
rpm case reaches the 2200 K threshold earlier than the optimal 8500 rpm case. However, a deeper
analysis of the temperature trend (Fig. 11) reveals a crucial dynamic: although the 10000-rpm case
initially lags behind all other configurations due to this delayed activation, it rapidly overtakes the
lower speeds (2850 rpm and 3450 rpm) the‘moment beiling is finally initiated. It is predicted that if
the exposure time were extended, the averagefocal track temperature at 10000 rpm would eventually
drop below that of the 8500-rpm case, thereby extending the allowable operational time. This
indicates that over longer durations, the long-term convective advantage of the maximized fluid
circulation naturally ovetpowers the short-term penalty of the delayed nucleation induced by the
hydrostatic pressure.

In conclusion, the thermal management efficacy of a lithium-based RPHP in rotating X-ray
targets Ais governed by a delicate, time-dependent competition between mechanical pumping
(centrifugal “acceleration) and thermodynamic suppression (hydrostatic elevation of Ty,.). The
optimal rotational speed for a given pulse duration is defined by the sweet spot where fluid velocity

is maximized without inducing a prohibitive delay in the boiling inception.
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4.3. Internal Heat Spreading and Utilization of Thermal Capacitance

The ultimate objective of integrating an RPHP within the rotating X-ray target is to mitigate
localized thermal stresses by efficiently dispersing the concentrated electron beam energy into the
bulk material. Fig. 15 presents a direct comparison of the internal static temperature contours for the
solid target (baseline) and the RPHP-integrated target at the optimal rotational speed of 8500 tpm,
captured at the specific instant when each average temperature of focal track reaches.a maximum
temperature of 2200 K.

In the conventional solid target (Fig. 15 (a)), heat transfer is strictly governed by the thermal
conductivity of the tungsten focal track and the underlying TZM meolybdenum alloy (Fourier
conduction). The thermal contour reveals a highly concentratedgshallow. penetration zone beneath
the focal track, resulting in a severe localized hot spot. The bulk of .the TZM substrate remains
thermally unengaged, effectively rendering its substantial sénsible heat capacity underutilized during

the short pulse duration.
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(a) (b)
Fig 15.. Comparison of the anode temperature distribution at the end of the exposure time: (a) the baseline

solid anode, and (b) the anode integrated with the lithium-based RPHP.

Conversely, the implementation of the lithium-based RPHP (Fig. 15 (b)) transforms the thermal

landscape along its internal trajectory. The temperature contour clearly demonstrates a deep and rapid
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penetration of thermal energy into the core of the TZM disk. Once the localized heat flux triggers the
intense boiling of lithium in the evaporator section (as discussed in previous sections), the working
fluid, driven by rapid phase change and vigorous flow circulation, transports the absorbed thermal
energy (comprising both latent and sensible heat) towards the condenser section embedded deeper
within the target.

This vigorous two-phase circulation bypasses the sluggish conductive thermal resistance of the
solid metal. As a result, the RPHP acts as a high-efficiency internal heat spreader, actively drawing
the intense heat away from the focal track and distributing it across a significantly larger volume of
the TZM substrate. This internal heat spreading capability represents a paradignishift in the thermal
management of high-power rotating anodes, directly contributingto extended operational limits and

prolonged tube lifespan.

S. Conclusion

This study numerically investigated the tfansient thermal behavior of a RAD-14 rotating anode
X-ray tube equipped with an embedded lithium-filled Rotating Pulsating Heat Pipe (RPHP). A 3D
VOF-based multiphase model (with a pressure-dependent saturation temperature was developed to
resolve rapid phase-change dynamics under extreme centrifugal loading. Applying a 20-kW heat
pulse to the smallest focal spet (0.3 mm), the following key conclusions are drawn:

Extension of the Exposure Time: By enhancing latent and sensible heat transport into the
deeper regions of the anode, the lithium RPHP successfully extended the allowable exposure time,
defined by the 2200 K limit for the average focal track temperature, across all rotational speeds.

Time-Dependent Optimal Speed: The optimal rotational speed is governed by a dynamic
competition between the time of bubble generation and fluid circulation velocity. Lower speeds (2850
and 3450 rpm) offer a brief initial advantage due to faster nucleation. However, 8500 rpm quickly

becomes optimal for intermediate pulses, maximizing the pulse duration to 0.706 s (a 62%
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enhancement over the solid baseline). For prolonged exposures 10000 rpm is predicted to outperform
due to superior long-term fluid circulation, despite delayed initial boiling.

Conservative Predictions: The model’s predictions are highly conservative. It assumes an initial
temperature of 1300 K, whereas actual lithium oscillations begin at approximately 900 K.
Additionally, the results were obtained using a conservative evaporation-condensation frequency of
1000 s~!. Because theoretical phase change coefficients exceed this value, the real-world allowablée
exposure times will undoubtedly exceed these numerical estimates.

Risks Associated with Poor Phase-Change :As evidenced by the poor pérformance at low mass
transfer frequencies, any disruption to the phase-change kinetics turfis the RPHP into a thermal
resistance rather than a cooling enhancer. To prevent this functional collapse, designers must strictly
avoid non-capillary dimensions, extreme filling ratios, and high initial pressures caused by inadequate
vacuuming or non-degassed inner surfaces. Furthermote, ailtra-polished surfaces lacking nucleation
cavities and surface impurities inducing hydrophobicity must be eliminated to ensure vigorous and

continuous operation.

6. Future Work
In order to develop research and improve simulation, the following are suggested for future work:
The thermal resistance of the contact surface between the anode components should be
considered indthe simulation.
To/increase accuracy, a periodic symmetric boundary condition should be used in the

simulations.
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