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	 A new water-cooling radiator is proposed for a CPU with an area of 28.7 mm2 and a power of 
100 W. The performance was of the radiator simulated with two different types of fan blades and 
compared with that of a conventional solid-cooling radiator. Then, the simulation results were 
validated through an experiment in which the temperature and thermal resistance of the radiator 
were measured at different fan and water pump speeds. The results showed that the thermal 
resistance of the water-cooling radiator was 0.073–0.15 ℃/W at the maximum power of 100 W 
and a fan speed of 1000‒3000 rpm. The proposed water-cooling radiator improves the cooling 
effect and has high efficiency. The heat dissipation of the CPU was improved with forward-
inclined fan blades and the increased fan speed and water flow rate of the water-cooling system. 
The proposed water-cooling radiator with the fan blades is expected to improve the overall 
efficiency of CPUs and be applied to the manufacture of radiators for CPUs.

1.	 Introduction

	 With the rapidly improving performance of CPUs, researchers have put great effort into 
developing an appropriate heat management system for CPUs by researching their heat 
dissipation and airflow. The results have been applied to the design of CPUs to improve their 
performance.(1‒3) The main focus of the design is to solve the problem caused by overheating and 
insufficient overall heat dissipation. For the heat management of the CPU radiator, the air 
temperature of the CPU module is monitored using thermal sensors.(4,5) The sensors play an 
important role in studying the heat dissipation of CPUs through accurate temperature 
measurement. Heat dissipation affects the performance of CPUs as an overheated CPU has 
reduced efficiency, which affects the overall performance of the computer. Thus, it is important 
to design a CPU module with good heat dissipation for normal operation.
	 Different designs have been proposed by researchers for optimized thermal management for 
the components of a computer. Whelan et al. designed a liquid-cooling system to reduce the 
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volume of a radiator that cooled a CPU of 200 W. The CPU’s working temperature was 65 ℃ 
with a liquid temperature of 53 ℃.(1) Choi et al. used the computational method of fluid 
dynamics to derive an appropriate design method for the radiator, which was verified by 
experiment and simulation. Their design reduced the thermal resistance of the radiator to 
0.11−0.19 ℃/W.(2) Pastukhov and Maydanik used heat pipes to reduce the thermal resistance of a 
radiator by 0.15−0.17 ℃/W with an effective heat load of 1500 W.(3,6)

	 In general, the heat capacity for cooling a CPU exceeds 150 W.(3) Kim et al. studied the use of 
a micro-evaporation cycle of a cooler in a CPU. The design focused on the analysis of the latent 
heat of each cycle and the cooling effect of cooling fluid to improve the overall efficiency.(7) 
Liang and Hung added a U-shaped heat pipe to a high-frequency microprocessor and 
experimented with the air convection between and around the fins of a radiator with the heat 
pipe to calculate the heat transfer coefficient of the radiator.(5) The heat dissipation of the radiator 
was then optimized to minimize the thermal resistance of the U-shaped heat pipe.(5) Kim et al. 
proposed the design of a CPU radiator that changed the fan speed according to the cooling 
performance of an aluminum extrusion radiator. They observed that heat inside the radiator was 
effectively dissipated, thus cooling the CPU. The tolerable working temperature was 72–78 ℃, 
and the power consumption of the heat source was 100 W at an ambient temperature of 22 ℃.(7) 
Additional loop heat pipes increased heat dissipation and reduced the thermal resistance of the 
system to 0.29 ℃/W at 180 W.(6) Naphon et al. applied micro-rectangular fins to a CPU and used 
deionized water as a cooling fluid. In their numerical study of fluid flow and heat transfer, the 
finite volume method (FVM) and the standard k–ε turbulence model were used to solve 3D 
control equations and describe the structure of the flow field. There was a reasonable correlation 
between the simulation and experimental results, and these results were used to improve the 
cooling performance and the system design of electronic equipment.(8) María et al. considered 
the pressure drop of a cooler as the optimization variable in designing a new water-cooling 
system to obtain the solution of a nonlinear mixed-integer problem.(9)

	 Previous studies attempted to reduce the thermal resistance of the water-cooling radiator by 
using a heat dissipation module. In general, the configuration and applicability of a water-
cooling system obtained by simulation were compared with experimental results. However, the 
results do not provide a means of solving the heat problems of a CPU with a high temperature 
caused by high electric power consumption in existing systems. Because the heat deteriorates 
the characteristics and performance of the CPU, an effective method of cooling the CPU needs 
to be found and applied to the design of CPU cooling radiators.(10–12) Therefore, a new water-
cooling radiator is proposed in this study to reduce the thermal resistance of CPUs. Experiments 
and simulations with the proposed radiator were carried out to investigate its effectiveness in 
managing the heat from a CPU. The results of this study are expected to provide an innovative 
design for a new thermal management system for the water-cooling radiator of a CPU.

2.	 System Configuration

	 The water-cooling radiator comprised a test box, heating element, temperature sensor, 
ambient temperature controller, and signal (Fig. 1).(13–15) A thermostat, OMRON PLC signal 
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converter, RS-232 cable, and PC were used for the experiment. The test box was made of 
transparent acrylic sheets and an aluminum bottom to simulate the operating environment of a 
CPU of a desktop computer and observe the working condition in the test box.

2.1	 Water-cooling and solid-cooling radiators

	 The dimensions of the water-cooling radiator are 95 mm × 95 mm × 50 mm (l × w × h). The 
internal components include the blades, motor, printed circuit board, fan frame, bracket, water 
pump, shunt sleeve, radiator body, and waterproof jacket. The heating element is located at the 
bottom of the radiator. To transfer the heat from the CPU, the pump circulates water to the fins to 
achieve convection and cooling. Figure 2 shows the circulating system of the water-cooling 
radiator.
	 Figure 3 shows the solid-cooling and water-cooling radiators with two different types of fan 
blades Q1 and Q2. The right side of Fig. 3(a) shows the structure of the water-cooling radiator. 
The center of the water-cooling radiator is hollow with water channels to reduce its weight and 
increase the area of the fins. The flow rate of the water pump can be increased to obtain high 
thermal conductivity. The solid-cooling radiator is heavier than the water-cooling radiator owing 
to its adoption of a conventional heat conduction module. The two radiators are compared to 
evaluate the efficiency of the water-cooling radiator in Fig. 3(a).(16) Then, the water-cooling 
radiator is simulated for the target heat of 100 W.

2.2	 Fan blades

	 Two different types of fan blades are applied to the water-cooling radiator as shown in Fig. 4. 
The fans are designed by using the curve fitting method to obtain the 3D axial flow blades. Each 
type of fan blade has dimensions of 92 mm × 92 mm × 25 mm (w × l × h) and has different 
stagger and twist angles. A Q1 fan blade is forward inclined and has its air volume concentrated 
at the center, while a Q2 fan blade has a general plane shape with a scattered air volume.

Fig. 1.	 (Color online) Radiator testing system and heating block diagram.
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Fig. 2.	 (Color online) Water circulation of the water-cooling radiator. The left picture shows the air and water flow, 
and the right picture shows the parts of the radiator.

Fig. 3.	 (Color online) Water-cooling radiators with different fan blades. (a) Comparison of solid-cooling and water-
cooling radiators. (b) Water-cooling radiator with Q1 fan blades. (c) Water-cooling radiator with Q2 fan blades.

(a)

(b) (c)
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3.	 Mathematical Models

	 The following mathematical models were used to reduce the complexity of the numerical 
simulation.(11)

Governing equations
	 Under 3D Cartesian coordinates, the governing equations for the experiment are defined as 
follows.

(1)	Continuous equation

	 0u v w
x y z
∂ ∂ ∂

+ + =
∂ ∂ ∂

	 (1)

(2)	Momentum equation
x-direction:

	
2 2 2 2

2 2 2
( ) ( ) ( ) 1u u uv uw P u u uv

t x y z x x y zρ
 ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

+ + + = − + + + 
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂  

	 (2)

y-direction:

	
2 2 2 2

2 2 2
( ) ( ) ( ) 1v uv v vw P u u uv

t x y z y x y zρ
 ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

+ + + = − + + + 
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂  
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Fig. 4.	 (Color online) Two different types of fan blades for the water-cooling radiator of the CPU. (a) Q1 fan model. 
(b) Q2 fan model.

(a) (b)
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z-direction:

	
2 2 2 2

2 2 2
( ) ( ) ( ) 1w uw vw w P w w wv
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(3)	Energy equation

	
2 2 2

2 2 2
( ) ( ) ( ) ( )
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t x y z pCx y z
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(4)	The governing equation can be expressed by the following general formulas:

	
( ) ( ) ( ) ( )u v w s
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where 
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 corresponds to diffusion, S is the source, ( )
t
ρϕ∂
∂

 corresponds to the unsteady state, 

φ represents the dependent variables, Γ is the diffusion coefficient corresponding to each 
dependent variable, and u, v, and w are the velocity components in the x-, y-, and z-directions, 
respectively. The independent variables that are compared with the dependent variable φ are 
described in Table 1.
	 In the FVM, computation is required for many small control volumes. Then, the equations of 
fluid mass, energy, and momentum can be converted into the algebraic equation(14)
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where ( )
A

n V dAρϕ⋅∫
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 corresponds to convection, ( )
A

n dAϕ ϕ⋅ Γ ∇∫
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 corresponds to diffusion, 

V
S dVϕ ⋅∫  corresponds to the generation of heat, and ( )

v
dV

t
ρϕ∂

∂ ∫  corresponds to the unsteady 
state.

Table 1 
Independent variables that are compared with the dependent variable of φ.
Continuity 1
x-momentum u
y-momentum v
z-momentum w
Energy T
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Turbulence model theory
	 Turbulence makes the momentum, energy, and concentration of the fluid in each volume 
fluctuate at a high frequency in the FVM. Therefore, the simulation requires complex 
calculations. The control equations first need to be processed when simulating the turbulence to 
filter out the components of extremely high frequency or small size in the turbulence. The 
turbulence model requires known variables even though the modified equation contains 
unknown variables.

Standard k−ε turbulence model
	 The standard k−ε turbulence model is semi-empirical. The k–ε model is based on an equation 
for a completely turbulent flow field with molecular viscosity ignored. For the model, the 
transport equation is used to determine the turbulent kinetic energy (k) and dissipation rate (ε) of 
turbulent transport based on basic physical equations as follows.(14)

(1)	Turbulent kinetic energy equation (k)

	 ( ) ( ) t
i k b M

i j jk

kk ku G G Y
t x x x

µ
ρ ρ µ ρε
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  ∂ ∂ ∂ ∂
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	 (8)

(2)	Dissipation rate equation (ε)

	
2

1 3 2( ) ( ) ( )t
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ε
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	 (9)

(3)	Turbulent viscosity coefficient (µt)

	
2

t
kCµµ ρ
ε

= 	 (10)

	 In these equations, Gk represents the turbulent kinetic energy generated by the laminar flow 
velocity gradient, Gb the turbulent kinetic energy generated by the buoyant force, and YM the 
fluctuation generated by excessive diffusion in the compressible turbulence. σk and σε are 
turbulent Prandtl numbers of turbulent kinetic energy and dissipation, respectively. C1ε, C2ε, and 
C3ε are empirical constants whose suggested values are shown in Table 2.

Table 2
Constant coefficients of standard k–ε turbulence model.

C1ε C2ε Cµ Ck C3ε
1.44 1.92 0.09 1.0 1.3
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Power dissipation theory of CPU
	 Figure 5 shows the boundary of the insulated heat exchange system. The heat exchange 
capacity of the system is equal to that of the heater. The relationship between the heat exchange 
capacity and the inlet and outlet of the working fluid is expressed as(17)

	 0 0 1( ) ( )ex p i HeaterQ mc T T m h h Q= − = − = 

  .	 (11)

	 The heat exchange capacity is also expressed by the internal and external temperature 
differences of the radiator. The overall heat transfer coefficient (U) and heat transfer area (A) are 
related by the following equation:

	 . ,( )ex Heater avg l avgQ UA T T= − ,	 (12)

where Q is the heat flux (kW), m  is the mass flow rate (kg/s), cp is the specific heat (kJ/kg℃), T is 
the temperature (℃), h is the enthalpy (kJ/kg), U is the overall heat transfer coefficient 
(kW/m2℃), A is the area (m2), and l, ex, i, and o represent liquid, heat exchange, inlet, and outlet, 
respectively.
	 The heat transfer area of the heater and the fixed flow rate of the working fluid are fixed, and 
the average temperature of the working fluid of the radiator is close to the average surface 
temperature of the bottom plate. This indicates that the heat exchange system has a high heat 
transfer coefficient. Therefore, the similar surface temperature of the radiator to that of the 
working fluid indicates that the heat exchange system has a higher heat dissipation than the 
radiator’s bottom plate under the test conditions.

Fig. 5.	 (Color online) Schematic diagram of the heat exchange system.
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4.	 Simulation Parameters

4.1	 Simulation of fan

Grid setting
	 The grid of the fan (Fig. 6) is divided into three main areas: the inlet flow, fan flow, and outlet 
flow channels. The total number of grid points is 1.97 million and the total number of grids is 
2.65 million. The inlet and outlet grids of the fan model are respectively established to analyze 
the up- and downstream flow fields of the fan and determine the boundary conditions. In the 
area close to the main flow channel, densification is required to meet the inlet and outlet 
boundary conditions of the flow field. Since there is no other impedance, the grid setting in the 
inlet and outlet areas must have a sufficiently wide range to satisfy the actual operating 
conditions. The blade wheel is redesigned according to the blade shape. After the flow field of 
the fan is simulated, the blade shape is modified on the basis of the analysis results to improve 
the performance. After that, the different blades are installed on the newly designed wheels. The 
flow field of the blades is simulated again to investigate the effect of the axial flow on the flow 
field and overall performance. Finally, the effect of the two different types of fan blades is 
simulated to correct the fan blade wheel.(18,19)

Water-cooling radiator model
	 The water-cooling radiator model used for simulation is illustrated in Fig. 7. The following 
design parameters are necessary for the simulation to evaluate the efficiency of water circulation 
in the water-cooling radiator. The model has a circular waterway of 2.5 mm diameter and a 
circulation volume of 27.5 mm3 for the simulation of the water circulation rate. The number of 
grids and the convergence time decrease owing to the simplified internal structure. The 

Fig. 6.	 (Color online) Fan grid distribution. (a) 
Numerical model structure of the fan. (b) Section 
structure of the grid.

(a) (b)

Fig. 7.	 (Color online) Model of water-cooling 
radiator.
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circulating water is compressed by the water pump to generate an appropriate flow rate and 
passes through 12 channels in the circulating waterway. The water flows out from the upper 
outlet as the water pressure increases. Therefore, the heat is transferred to the upper fin by the 
water and dissipated by the airflow of the fan.

4.2	 Simulation of radiator

	 Figure 8 shows the model for simulating the water-cooling radiator. The radiator is placed at 
a position one-third of the way from the center to the top. For simulation, it is assumed that there 
is an airflow inlet and walls on four sides and an airflow outlet at the bottom.

Boundary conditions
	 The boundary conditions of the inlet, outlet, and a wall are described in Table 3. The 
simulation is carried out for different values of the airflow of the fan, water flow, and 
temperature. When the radiator is heated, its geometry becomes complicated. Thus, the setting 
and calculation steps are established as follows.

Table 3
Boundary conditions when simulating the water-cooling radiator.
Boundary condition Description

Inlet For the initial calculation to simulate a fan in infinite space, a normal atmospheric pressure 
P0 is set. 

Outlet The atmospheric space at the outlet generates airflow by fan flow to the outside, so a normal 
atmospheric pressure P0 is adopted as the outlet boundary condition.

Wall

The fluid flowing through the wall must meet the requirement of impenetrability as well as 
no-slip condition. Regardless of the thermal radiation effect and ambient temperature, 25 ℃ 
is set. The turbulence model is established together with vortex flow correction. In the fluid 
rotation of the Markov random field model, the rotational speed is set as 1500, 2000, 2500, 
and 3000 rpm. The heat source at the chip position is set as 100 W.

Fig. 8.	 (Color online) Model of water-cooling circulation.
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(1)	Set the fan flow rate, inlet, outlet, speed, pressure, and fan fluid properties. 
(2)	Set the properties of the water pump, water pump speed, and relaxation coefficient.
(3)	Set the temperature, define the energy equation, and solve the temperature field equation.

Grid setting
	 The water-cooling radiator used for simulation consists of a water pump, circulating water 
channels, radiator body, fan body, and system grids. The total number of grid points of the 
system is 1.01 million and the total number of grids is 1.03 million as shown in Fig. 9. The water 
speed is reduced to less than 0.2 m/s to ensure the circulation ability of the water-cooling 
radiator. The air volume of the fan must be limited to 20 ft3/min (cfm) on the basis of the system 
capacity. In accordance with the overall thermal conductivity, a fan size of 50 mm × 
92 mm (l × w) is selected. The water speed is fixed at 0.2 m/s. All the parameters are selected to 
reduce the radiator’s volume and its total heat capacity.(20)

5.	 Simulation

5.1	 Airflow rate of fan blades

	 The airflow rate is compared for the Q1 and Q2 fan blades. Rotational speeds of 1500, 2000, 
2500, and 3000 rpm are used for comparison as shown in Fig. 10. The air pressure of Q1 at 1500 
rpm (Q1-FAN-1500RPM) is 1.844 mmAq and the air volume is 34.05 cfm, while those for Q2 
(Q2-FAN-1500RPM) are 1.68 mmAq and 32.45 cfm.  The calculated air flow rates at 2000 rpm 
are 45.4 cfm for Q1 (Q1-FAN-2000RPM) and 41.3 cfm for Q2 (Q2-FAN-2000RPM). The air 
volume of Q2 at the rotational speed of 2000 rpm is lower than that of Q1. These results are used 
for the simulation and comparison of the radiators.

Fig. 9.	 (Color online) Grids of the water-cooling radiator.
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5.2	 Water circulation of radiator

	 The parameters of the water circulation affected the flow field simulation. For the subsequent 
analysis of the simulation results, it is necessary to define the relative positions of the heat flow. 
In the analysis of the flow field, the direction of the inlet velocity is set perpendicular to the x‒z 
plane. The speed diagram of the flow field between the heat dissipation module and the fin is 
presented in Fig. 11(b). A high flow rate of water in the channels causes the pressure on the 
pump to increase.
	 The water flows along the axial direction (y–z) of the inlet from the bottom, then radially out 
of the channel (Fig. 12). The pressure is created by the heat and by the water pump and makes the 
water circulate owing to the increase in kinetic energy. As a result, the circulating water achieves 
the required pressure and speed, which are 12.4‒20.8 mmAq and 1500‒2000 rpm, respectively. 
The results of the experiment will help to optimize the water-cooling radiator.

6.	 Results and Discussion

6.1	 Simulation results

Effect of fan blades
	 The simulation was carried out for the Q1 and Q2 fan blades for the water-cooling and solid-
cooling radiators. Figures 13(a) and 13(b) show that the heat produced by the CPU is transferred 
to the fin through water circulation and then to the external flow field by forced convection. 
Figures 13(c)–13(f) present a comparison of the speed and pressure distributions of the water- 
and solid-cooling radiators. According to the temperature distribution of the fin, the temperature 
of the water-cooling radiator is lower than that of the solid-cooling radiator. This results in the 
more even distribution of the fin temperature in the water-cooling radiator than in the solid-
cooling radiator. When the heat is transferred from the CPU to the aluminum bottom of the 

Fig. 10.	 Comparison of airflow rate and static pressure for Q1 and Q2.
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Fig. 12.	 (Color online) Simulation results of the water circulation system. (a) Pump speed. (b) Water flow rate. (c) 
Water flow direction.

(a) (b) (c)

(a)

(b)

Fig. 11.	 (Color online) Distributions of (a) pressure and (b) speed of the water channel in the water-cooling radiator.
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system, the thermal impedance decreases owing to the high thermal conductivity of the 
aluminum. Then, the heat is quickly transferred to the fin to maintain the temperature of the 
CPU in the ideal range.

Fig. 13.	 (Color online) Distributions of (a, b) static temperature (°C), (c, d) speed (m/s), and (e, f) static pressure 
(inches-water) of the water-cooling and solid-cooling radiators. (a) Temperature distribution of the water-cooling 
radiator. (b) Temperature distribution of the solid-cooling radiator. (c) Speed distribution of the water-cooling 
radiator. (d) Speed distribution of the solid-cooling radiator. (e) Pressure distribution of the water-cooling radiator. 
(f) Pressure distribution of the solid-cooling radiator.

(c) (d)

(e) (f)

(a) (b)
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	 The effects of the surface temperature of the fin, heat convection, and heat exchange must be 
determined for the simulation. When the heat flux increases, the temperature difference 
increases, but the effect of heat convection on the temperature difference is not significant. The 
parameters affecting the heat dissipation of the water-cooling radiator include the heat 
convection and conduction coefficients. Comparing the surface temperature with the water 
temperature helps clarify the correlation between the temperature difference and the thermal 
resistance. During the measurement of the surface temperature of the fin, the heat flux remains 
unchanged. The lower the average surface temperature, the greater the heat convection 
coefficient. Also, the greater the heat conduction coefficient, the smaller the thermal resistance 
and surface temperature difference. Thus, the average surface temperature and the surface 
temperature difference are required to estimate the thermal resistance.
	 Table 4 presents the results of the simulation for different blade types and rotational speeds of 
the fan. The radiators show the lowest temperatures for M4CP (Q1) and M8CP (Q2) (9.84 and 
13.2 ℃ for the water-cooling and solid-cooling radiators, respectively) at the rotational speed of 
3000 rpm, which provided the strongest airflow. The largest temperature differences of 16.8 and 
17.8 ℃ are observed in M4CP (Q1) and M7CP (Q1) at 3000 and 2500 rpm, respectively. For 
M1CP (Q1) and M5CP (Q2), the different fans on the same radiator have a temperature difference 
of about 0.2 ℃. The results in Table 4 show that Q1 in the water-cooling radiator is more efficient 
for lowering the temperature than Q2 in the solid-cooling radiator.

Effect of fan speed on thermal resistance
	 Thermal resistance Rca is defined as

	
( )c a

ca
T TR

w
−

= ,	 (13)

where Tc is the surface temperature of the CPU, Ta is the ambient temperature (the arithmetic 
mean of the measured air inlet temperature of the fan), P is the CPU’s designed thermal power, 
and W is the heat load.

Table 4
Comparison of simulation results of the water-cooling and solid-cooling radiators at 100 W.

Simulation code Blade type Rotational 
speed (rpm)

Temperature difference (℃)
Water-cooling 

radiator
Solid-cooling 

radiator ΔT (%) ΔT (℃)

M1CP

Q1 fan blade

1500 39.3 52.3 75.14 13.0
M2CP 2000 27.3 40.7 67.08 13.4
M3CP 2500 15.2 30.1 50.50 14.9
M4CP 3000 9.84 26.6 36.99 16.8
M5CP

Q2 fan blade

1500 43.1 56.3 76.55 13.2
M6CP 2000 31.2 46.3 67.39 15.1
M7CP 2500 19.5 37.3 52.28 17.8
M8CP 3000 13.2 29.3 45.05 16.1
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	 Figure 14 shows the changes in the thermal resistance of the radiators with the fan speed. The 
water-cooling radiator shows a lower thermal resistance than the solid-cooling radiator 
regardless of the fan type. The figure also shows the thermal behavior of the radiators. The 
results indicate that the heat from the CPU is transferred to the radiator effectively in the water-
cooling radiator. Moreover, the radiator at the heat load of 100 W has a thermal resistance of 
0.073–0.15 ℃/W at 30 ℃.
	 The thermal resistance is used to evaluate the performance of the radiator. The performance 
of the fin is considered to be stable with a 3D heat flow. The heat transfer rate η from the fin to 
the surroundings is calculated using Eq. (17) from the heat loads with Q1 and Q2 given by Eqs. 
(14)–(16). Since the water-cooling radiator has a symmetrical structure (the two radiator bodies 
have the same transfer efficiency), each half of the structure is assumed to be the same heat 
source. Figure 15 shows that the heat transfer rate decreases with increasing fan speed. This 
relationship implies that a higher fan speed has a more efficient cooling effect, causing the heat 
transfer rate to decrease, even though a lower fan speed results in the system having a higher 
temperature (Table 4).

	 Q1 = mCpΔT1	 (14)

	 Q2 = mCpΔT2	 (15)

	 ΔQ = m1CpΔT1	 (16)

	 1
1 100%Q

Qin
η ∆

= × 	 (17)

Fig. 14.	 Simulation results of thermal resistance with a heat load of 100 W and an ambient temperature of 30 ℃.
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Pump speed
	 Figures 16(a) and 16(b) respectively show that the pump speed and water flow rate affect the 
water temperature at the inlet and outlet. This indicates that the higher the pump speed and water 
flow rate, the lower the temperature. The fan blade type also affects the water temperature, as 
discussed previously (Table 4). Figure 16(c) presents simulation results revealing that a higher 
fan speed decreases the thermal resistance significantly. The radiator has better performance 
with Q1 than with Q2, with the thermal resistance 10% lower on average for Q1. The radiator 
with Q1 achieves the best thermal resistance of 0.1 ℃/W at 3000 rpm. A simulated thermal 
resistance of lower than 0.1 ℃/W is thought to be sufficient for the normal operation of the CPU. 

6.2	 Experimental results

	 An experiment was carried out to compare the results obtained using a real radiator with 
those from the simulation. The efficiency of heat dissipation of the water-cooling radiator was 
also compared with that of the solid-cooling radiator. Parameters such as the grid density and the 
number of iterations, and the properties of the materials in the simulation model may be different 
from those in the experiment. Therefore, the input parameters for the experiment must be 
adjusted by considering the simulation results. In the experiment, the heat dissipation efficiency 
for the water-cooling radiator was measured at a heat load of 100 W with forced convection by 
Q1 and Q2. The temperature of the CPU was also measured in a closed system. The ambient 
temperature in the closed system increased monotonically owing to the heat from the CPU. 
Figure 17 shows the water-cooling radiator used in the experiment.
	 Figure 18 shows the thermal resistance of the water-cooling radiator with Q1 and Q2 at 
various fan speeds. Increasing the rotational speed of the fan decreases the thermal resistance. 
This implies that the water circulation transfers the heat to the fin efficiently and accelerates the 
heat transfer. The heat transfer disperses the heat load. In the case of forced convection by the 

Fig. 15.	 Heat transfer rates of the water-cooling and solid-cooling radiators.
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Fig. 16.	 (a) and (b) Temperature changes and (c) thermal resistance as functions of pump speed, water flow rate, and 
fan speed, respectively, at the water inlet and outlet. (a) Changes in water temperature at inlet and outlet with pump 
speed. (b) Changes in water temperature at inlet and outlet with water flow rate. (c) Changes in thermal resistance 
with fan speed.

(a)

(b)

(c)
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fan, the thermal resistance was calculated as 0.09−0.1℃/W at the heat load of 100 W. The 
experiment was performed at rotational speeds of 1500, 2000, 2500, and 3000 rpm. The thermal 
resistances obtained from the experiment and simulation were close to 0.1 ℃/W at 3000 rpm 
and the heat load of 100 W. The water-cooling radiator showed a difference of 9.8% in the 
temperature between the simulation and experiment results, demonstrating the accuracy of the 
simulation results (Fig. 18).

7.	 Conclusions

	 The cooling effect of a water-cooling radiator was analyzed through simulation and 
experiment. The difference in cooling efficiency between fan blades Q1 and Q2 was 5−8% and 
the volume of the circulating air was 3−7 cfm. The efficiency was higher and the volume of the 
circulating air was larger for Q1 than for Q2. The simulation results showed that the thermal 
resistance of the water-cooling radiator was 0.073‒0.15 ℃/W and improved by 15−30% 

Fig. 17.	 (Color online) Water-cooling radiator used in the experiment.

Fig. 18.	 Effect of the rotational speed of the fan on the thermal resistance.
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compared with that of the solid-cooling radiator. The water circulation dissipated the heat from 
the CPU efficiently. The difference in temperature between the water-cooling and solid-cooling 
radiators after heat dispersion was 16 ℃, meaning that the thermal efficiency of the water-
cooling radiator was increased by 30%. According to the results, the proposed water-cooling 
radiator provides effective thermal management for CPU cooling, and its design can be applied 
to the manufacture of radiators to enhance the performance of computers. 
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