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We investigated the thermal characteristics of rotating anode X-ray tube to develop it for 

digital radiography by using computer simulation. The target which is the area of the anode 

struck by electrons is the most important component to get a long life of X-ray tube. So 

we analyze the thermal characteristics of the target and rotor assembly according to their 

emissivity by using ANSYS transient thermal simulation and then compare with the measured 

data of the target temperature operating in aging process of X-ray tube. Especially, keeping 

the lead coated layer as the role of metal lubricant on ball bearing enables to prevent the 

noise in rotating anode. The simulation result showed that its temperature was under the 

melting point of the lead in X-ray tube for digital radiography with 1.2 mm large focal spot 

0.6 mm small focal spot and 150 kV tube voltage. We also investigated the relationship 

between the diameter of the anode shaft and the temperature of the anode and rotor assembly. 

It has been confirmed that the smaller anode shaft could be good for the rotor thermal 

characteristics.
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I. Introduction

The global medical device market trend is rapidly 

growing up due to the increase in chronic diseases of 

aging humans, economy and quality of life, and 

overall wellness trend. In addition, the medical devices, 

as a hardware that enables the aging population, are 

being enhanced more and more the development of 

the IT technology and X-ray equipment used for the 

disease or treatment of the patient have also been a 

lot of progress in integrating with IT technology. In 

particular, Digital X-ray radiography (DR) for hospitals 

with detector, screen processing, and 3D implementation 

can do the early diagnosis in the patient by implementing 

digital image. Hence, DR demand is expected to be 

further expanded [1-5].

As shown in Fig. 1, medical X-ray tube for 

generating X-rays in a core part of the digital X-ray 

radiography is to generate the X-ray by accelerating 

electrons in order to obtain a very high energy. 

Cathode filaments of the X-ray tube emit thermal 

electrons when heated to a high temperature by 

supplied power. Thermal electrons generated from the 

filaments with negative charged electrons are 

accelerated in the glass bulb held in a vacuum (10-7 

torr) by the high voltage applied between the anode 
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Figure 1. Rotating anode X-ray tube. Figure 2. Schematic diagram of X-ray insert tube.

and cathode. The accelerated thermal electrons 

collide with anode that body is made of TZM alloy 

(Titanium 0.50% Zirconium 0.08% and Carbon 0.02% 

with the balance Molybdenum) and the surface of the 

Tungsten containing the Rhenium, the portion of 

electron kinetic energy (0.5 to 1%) generates a 

low-energy electromagnetic wave X-ray (soft X-ray), 

and is rapidly converted into heat (∼99%) and 

emitted to the available X-ray electromagnetic waves. 

The electron lost entire kinetic energy due to 

penetrating into the anode about 1 mm, the anode 

material temporarily could store the heat generated 

in the anode.

The target focal track surface collided with the 

high accelerated electron beams is connected to the 

anode and rotor rotating up to 9,700 rpm in the high 

speed to prevent damage to the target surface due to 

the increase of up to 2,600oC, the high temperature 

of the anode is transmitted to the ball bearing in 

rotor assembly so it is the cause of noise during 

high-speed rotation. In addition, components in the 

glass bulb can be broken X-ray tube because of 

decreasing vacuum of glass bulb due to the out- 

gassing from increasing temperature of the glass bulb 

parts in operating X-ray tube.

Aging process, one of the X-ray tube manufacturing 

process, aims removing the out-gas by heating the 

components in the glass bulb as applying an amount 

of tube voltage and tube current to the insert tube, 

especially, keeping the lead (Pb) coated layer as the 

role of metal lubricant on ball bearing surface in 

aging process but it is practically impossible to 

visually evaluated.

In this paper, we analyzed temperature distribution 

of X-ray tube for digital radiography in aging 

condition using ANSYS simulation in order to determine 

whether Pb coated layer is melted or not when applied 

tube voltage and tube current, and also simulate the 

thermal characteristics of the each components in 

rotor assembly including the anode within the glass 

bulb according to their emissivity. Subsequently, we 

selected the proper emissivity value of the anode by 

comparing the simulation result of anode temperature 

with measured data and then evaluated that Pb 

coated layer was still effective by comparing the ball 

bearing temperature with meting point of Pb in aging 

condition. In addition, we evaluated thermal characteristics 

of anode and ball bearing when the diameter of anode 

shaft was changed.

II. Thermal Simulation of Rotating X-ray Tube

1. Simulation condition

Fig. 2 shows the 3D modeling schematic diagram of 

X-ray insert tube for simulating which has 1.2 mm 

large focal spot, 0.6 mm small focal spot and 150 kV 

maximum tube voltages. Anode consisted of the 
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Figure 3. Heat flux distribution of X-ray insert tube by
thermal simulation.

enveloped target which the electron beams impact 

and body. The target made of Tungsten (W) and 

Rhenium (Rh) of 1 mm thickness is boned TZM alloy 

body of umbrellas form which has a 12 degree 

inclination angle by using diffused junction method. 

In order to increase heat contents of anode, back side 

of TZM is added the plasma black coating. Rotor has 

the ball bearing made by special steel. ANSYS 

transient thermal analysis simulation was carried out 

using only the insert tube including rotor without 

housing parts included insulating oil because aging 

process didn’t use it.

The material properties of each part such as 

thermal conductivity and radiation emissivity were 

defined. In case of anode, thermal conductivity of 

TZM and Tungsten was 130 W/mK and 174 W/mK, 

respectively.

Radiation emissivity of TZM, Tungsten and the 

back side of TZM (black coating surface) was 0.15, 

0.1, and 0.95, respectively. The simulation results 

when one-shot condition with 75 kW input power at 

0.1 sec in rotating X-ray tube are shown in Fig. 3.

The heat flux in focal track surface was radiated to 

glass bulb by radiation emissivity in target surface. A 

few heat fluxes were conducted to rotor along anode 

shaft (Molybdenum) connected back side of anode and 

also transmitted to glass bulb along KOVAR. TZM or 

Molybdenum has high melting point 2,625oC, low 

specific gravity W: 19.3, Mo: 10.2, and high specific 

heat W: 0.032 Cal/g/oC, Mo: 0.061 Cal/g/oC compared 

with Tungsten, quantity of heat was 2 times of that 

of Tungsten and low thermal conductivity. These 

characteristics of high heat contents and light mass 

may play a role in reducing the heat transfer to the 

bearing in rotor from anode.

Aging processing condition to reduce the out- 

gassing in glass bulb was exposing at the focal track 

surface around 40 kV tube voltage, tens milliampere 

of tube current during 2 hours. In order to apply 

above operating condition into ANSYS transient 

thermal simulation, the heat flux q0 was used the 

following equation (1) [6].

Heat Flux q0=


[W/m2] (1)

Where P is the input power [W], S is exposed area 

[m2]. We simulated the thermal characteristics of the 

anode and rotor assembly according to their emissivity 

using insert tube in aging process condition. The heat 

in high vacuum X-ray tube was transferred into the 

glass bulb by radiation as shown in equation (2) [6].

  ε 
  

  (2)

Where σ is Stefan-Boltzman constant, ε is emissivity, 

A is area of radiating surface, and F is form factor.

2. Anode temperature according to emissivity

Once the temperature difference within the medium 

or between mediums occurs, heat transfer must be 

carried out. The heat transfer methods (mode) are 

conduction which takes place through the medium 

when the presence of temperature gradient in the 

stationary medium such as solid or liquid, convection 

which takes place between the different surface 

temperature and the fluid moving, thermal radiation 

which emits the energy in the form of electromagnetic 

waves on all the surface of the finite temperature. In 
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Figure 4. (a) The variation of anode maximum tem-
perature versus surface emissivity. (b) Tem-
perature distribution of anode in thermal 
simulation.

Table 1. Ball bearing B temperature according to anode
emissivity.

Anode 

Emissivity
Anode temp. [oC] Bearing B temp. [oC]

0.2 764.8 274.2

0.5 639.4 263.3

0.9 567.5 252.0

Figure 5. The variation of anode maximum temperature
according to aging time.

case without the intermediate medium, the heat 

transfer can be changed by radiation emissivity between 

the two temperature different surfaces, while the 

thermal conduction coefficient of the parts’ material 

are already specified in high vacuum X-ray tube, 

hence it is possible to reduce the components 

temperature as shown in equation (2) through the 

increase or decrease of the radiation factor by the 

surface treatment.

The anode which generated X-ray by electron 

beams has the highest temperature among the X-ray 

tube parts. In case of aging process conditions applied 

tube voltage and tube current, Fig. 4 shows the maximum 

temperature in accordance with the changed emissivity 

of anode surface made of Tungsten. 

Once the emissivity of Tungsten surface of anode 

(target) was increased from 0.1 to 0.9, anode maximum 

temperature was decreased 17% from 886.2oC to 735.6oC. 

Emissivity values range from 0.1 to 0.3 have the 

temperature reduction of 3% but emissivity values 

range from 0.7 to 0.9 have the temperature reduction 

of 2%. These differences could be attributed to decrease 

surface and ambient temperature by using equation 

(2).

Fig. 5 shows the variation graph of anode maximum 

temperature according to the aging process time for 

its emissivity. The maximum temperature of anode in 

accordance with tube voltage and tube current were 

increased until early of 1 hour. After 1 hour, the 

temperatures were saturation at 735.6oC∼860oC. These 

results indicate that even though the tube voltage 

and tube current are applied, thermal property of 

anode will has steady state temperature.

Table 1 shows the variation of ball bearing B 

temperature when the rage of anode emissivity was 

0.2∼0.9. When the temperature of anode was 
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Figure 6. (a) The variation of rotor shaft maximum 
temperature according to the aging time. (b) 
Temperature distribution of rotor shaft in 
thermal simulation.

Figure 7. (a) The variation of anode maximum temperature
according to anode shaft diameter and anode
emissivity. (b) The variation of ball bearing 
B maximum temperature according to anode
shaft diameter and anode emissivity.

decreased 124.4oC, 14.5%, temperature of ball bearing 

B was also decreased 22.2oC, 8.1%. The rate of 

changing bearing B temperature was less than 56% of 

the rate of changing anode temperature. Its result 

could be obtained that high specific heat of the anode 

and anode shaft made of TZM or Mo was attributed to 

inhibit transfer of anode temperature.

3. Rotor shaft temperature according to emissivity

Thermal emissivity of rotor shaft surface plays a 

role in reducing the temperature of rotor because the 

radiant heat occurred about 500oC high temperature 

transferred along anode shaft to rotor was transferred 

along rotor shaft made of copper. Fig. 6 shows the 

variation graph of maximum temperature of rotor 

shaft for each emissivity according to the aging 

process time. When the emissivity was changed from 

0.2 to 0.9, the temperature of rotor shaft was 

decreased 90oC from 478oC to 388oC. These results 

indicated that surface of rotor shaft in X-ray tube 

was treated with plasma black coating in order to 

increase radiation effect.

4. Anode and bearing temperature according to 

anode shaft diameter

When high temperature of the anode was transferred 

to rotor along anode shaft, the variation of temperature 

of anode surface and ball bearing B according to 
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Table 2. The comparison of anode temperature of 
simulation result at emissivity 0.2 and measured
data according to Aging time.

Aging time 

[second]

Simulation result 

at e=0.2 [oC]

Measured data

[oC]

0 24 40

1500 514 600

2700 694 770

3300 807 803

5700 860 853

Figure 8. (a) The measurement of anode temperature
in X-ray tube aging process. (b) The 
comparison of simulation and measured data
according to anode emissivity.

anode shaft diameter are shown in Fig. 7. When 

anode shaft diameter was increased from Φ11 to Φ18, 

the average temperature of the anode was decreased 

2.4%, 19.4oC and the average temperature of ball 

bearing B was increased 6.4%, 16.9oC. The slopes for 

each anode emissivity are similar. The temperature of 

bearing was raised because the quantity of heat 

transferred was higher than expected that of 

increasing the anode shaft diameter. That means 

anode shaft diameter should be designed as small as 

possible in consideration of the load to prevent 

temperature rise of rotor parts. 

III. Experiments and Discussion

To compare the simulation results and practical 

measured data for the anode temperature according 

to each emissivity, we evaluate the anode surface 

temperature using infrared camera in aging process 

in condition of medical X-ray tube model with large 

focal spot 1.2 mm small focal spot 0.6 mm. Fig. 8(a) 

indicates that the anode is heated when applying tube 

voltage and tube current in aging process conditions.

Fig. 8(b) and Table 2 show that the simulation 

result at anode emissivity 0.2 and measurement data 

is very similar within about 7oC when the aging time 

is over 3,300 second. This is in good agreement with 

the result of tungsten emissivity 0.2 in reference [6]. 

The results from Table 1 and 2, we prospect the 

temperature of ball bearing B due to the high heat 

conduction of anode is around 270oC in X-ray tube 

aging process. This temperature is lower than Pb 

melting point that coated on bearing surface, hence 

we can confirm the rotor noise problems caused by 

separation of the Pb coating layer of bearing B does 

not occur in aging process.

IV. Summary

We simulate temperature distribution depending on 

anode and each in sections of rotor emissivity for 

large focal spot 1.2 mm small focal spot 0.6 mm and 

tube voltage 150 kV X-ray tube model for digital 

radiography in aging process condition. As a result of 

simulation, this paper has reported that the difference 

in measured value is highly similar to simulated data 
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by less than 7oC when anode emissivity is 0.2.

From the result, the temperature of ball bearing B 

in close proximity to anode will be around 270oC by 

high temperature of anode in aging process and this 

temperature is less than meting point of lead (Pb) 

coated on bearing B surface. Hence, we can confirm 

that the rotor noise during rotation due to melting of 

the lead coating doesn’t occur in the aging process.

With the simulation result of ball bearing B and 

anode temperature by anode shaft diameter, as the 

diameter becomes larger, the temperature of anode is 

lowered but the temperature of bearing increases and 

the rising rate of the ball bearing B temperature is 

increased larger than the falling rate of anode 

temperature. Thus, we know that the anode shaft 

diameter should be designed as possible as smaller in 

consideration for the load of anode. Actually, most of 

the anode shaft diameter of X-ray tube has been used 

less than Φ11. These results can be going to use for 

developing the medical X-ray tube with high contents 

anode.
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