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Abstract: The water-cooling heat dissipation technology can solve the heat dissipation and noise problems of the calculation plate. Therefore, the structural design of the water-cooling plate directly affects its flow and heat transfer characteristics, which restricts the promotion and application of the technology. To this end, the water-cooling plate of a heat dissipation system was taken as the research object, and its flow and heat transfer characteristics were numerical simulated and experimental studied. Through comparative analysis, the rationality of the numerical simulation method was verified. Based on this, three improved schemes of water-cooling plate structure were proposed and numerical simulation was carried out, and the optimal model was verified by experiments. The results of the study show that compared with the original water-cooling plate, the optimized water-cooling plate has increased internal flow velocity and distributes uniformly, increased heat transfer amount by 4.2%, and the average temperature of the calculation plate decreased by 5.3%.
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1  Introduction

The calculation plate has pretty strong computing power, but it produces high heat [1–4]. High temperature will affect the performance of the calculation plate, it needs to be cooled. Xu et al. [5] used the method of numerical simulation, considering the heat transfer amount and pressure loss of water-cooling plate radiators with different structures, obtained the influence of internal structure layout on heat transfer characteristics. Ding et al. [6] compared laminar flow and turbulent flow models to study the flow state inside the water-cooling plate in the form of straight channel, then obtained an accurate temperature distribution after accurate modeling, which was conducive to improving the heat transfer efficiency. Foreign scholars used water cooling method to cool the batteries of cheap optical devices so as to keep their temperature in the appropriate range [7]. In 2002, Intel published a water cooling scheme for IA-64 microprocessor [8].

At present, there are two main heat dissipation methods for calculation plate [9–11], namely, air cooling heat dissipation and water cooling heat dissipation. Air cooling heat dissipation refers to that a rapidly rotating fan directly blows the heat source, thus forcing away the heat emitted by the heat source [12,13]. Its advantages include obvious heat dissipation efficiency, simple installation, small size and low price. However, it is highly dependent on the environment. If the ambient temperature rises or over-frequency works, the cooling effect of air cooling will be reduced. Moreover, the fan will produce a lot of noise when rotating at high speed, which is not suitable for quiet occasions.

Water cooling heat dissipation refers to that the circulating water flows through the water-cooling plate which is close to the calculation plate under the action of the pump to take away the heat generated by the calculation plate. It is mainly composed of the distributor, the water-cooling plate, the pump and the heat dissipation discharge [14,15]. Water cooling heat dissipation has the advantages of low working noise, stable heat dissipation and small environmental constraints, besides the heat transfer coefficient of water cooling heat dissipation is 100∼1000 times larger than that of air cooling heat dissipation coefficient. Therefore, its heat dissipation efficiency is higher. Nevertheless, there is still space for further improvement of the flow and heat transfer characteristics of the water-cooling plate in the cooling system.

Water cooling and air cooling have their own advantages and disadvantages. Taking into account the increasing demand for living conditions, noise reduction has become an inevitable trend. The importance and novelty of in-depth research on water cooling technology is that the water cooling method has good heat dissipation effect and low noise. In addition, this method is less affected by the environment, which is more in line with the needs of modern people. Meanwhile, it has great practical value to improve the heat dissipation performance of the water-cooling plate matched with its calculation plate [16,17]. Therefore, this study took the water-cooling plate in the heat dissipation system of a caculation plate as the research object. Numerical simulation and experimental study were used to analyze the flow and heat transfer characteristics in the internal flow channel of the water-cooling plate. Based on the comprehensive analysis results, the improvement scheme of the water-cooling plate structure was proposed, and the optimal model was determined to improve the heat dissipation performance of water-cooling plate.

2  Experimental and Numerical Simulation Methods

2.1 Experimental Research Methods

2.1.1 Experimental System and Purpose

Fig. 1 shows 11 main components of the original water-cooling plate experimental system. On one side of the calculation plate, there were many micro-integrated circuits to form a heat source. On the other side, a water-cooling plate with good thermal conductivity was adhered to by silicon grease. The 220 V AC power supply was used in the experiment, and the laptop controlled the calculation task and recorded the temperature of the calculation plate in real time.
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Figure 1: Original water-cooling plate experiment system diagram 1---Heat transfer of water storage device; 2---Heat transfer and cold water storage device; 3---Catheter; 4---Circulating water pump; 5---Flow meter; 6---Water-cooling plate; 7---Calculating plate; 8---Water cooling plate inlet thermometer; 9---Water-coling plate outlet thermometer; 10---Cables; 11---Laptops

The purpose of the experiment is to improve the internal flow condition and enhance the heat transfer effect without changing the size of the external structure of the water-cooling plate.

Figs. 2 and 3 show the external and internal structures of the original water-cooling plate. The water-cooling plate was made of aluminum alloy with good heat transfer performance. Cold water entered into the water-cooling plate from the lower inlet, then the water flowed out from the upper outlet after absorbing heat. The specific structure and size are shown in Tab. 1.
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Figure 2: External structure diagram of original water-cooling plate. (a) Main view, (b) Side view, (c) Vertical view
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Figure 3: Internal structure diagram of the original water-cooling plate. (a) Internal cross section, (b) Internal longitudinal section
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2.1.2 Experimental Methods and Procedures

When the output power of the caculation plate is 480 W and the flow rate is 1 L/min, the temperature of the inlet and outlet water was measured by a temperature measuring instrument (R6100) to calculate the heat transfer amount, and the temperature of the stabilized plate was recorded by computer. The calculation formula is shown in Eq. (1).

ϕ= −λAdtdx= hAΔt=cqmΔt(1)

In the formula: ϕ is heat transfer amount, W; λ is thermal conductivity, and the material is mainly aluminum, 237 W/(m ⋅ K); A is heat transfer area, m2; t is temperature, K; x is the length, m; h is the convection heat transfer coefficient, W/(m2 ⋅ K); c is the specific heat capacity, which is 4.2 × 103 J/(kg.k) for water and 0.3 × 103 J/(kg.k) for aluminum; qm is mass flow, kg/s.

2.2 Numerical Simulation Method

2.2.1 Physical Model Establishment and Grid Division

Based on the actual measurement data, the physical model of original water-cooling plate was established by SolidWorks according to 1:1 ratio. The overall structure and central section are shown in Fig. 4.
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Figure 4: Physical model of original water-cooling plate. (a) Comprehensive model, (b) Center section

2.2.2 Laminar Flow Model and Its Governing Equation

For incompressible liquid water, the internal Reynolds number is far less than 2300, so it is in laminar flow. Laminar model was used after considering simulation accuracy and economy [18,19]. The heat transfer process of water-cooling plate mainly includes the heat conduction of conculation plate and its convective heat transfer with water-cooling plate. The control equations are shown in Eqs. (2)–(5).

∂ρ∂t+∂(ρu)∂x+∂(ρv)∂y+∂(ρw)∂z=0(2)

∂(ρu)∂t+∂(ρuu)∂x+∂(ρuv)∂y+∂(ρuw)∂z=∂∂x(μ∂u∂x)+∂∂y(μ∂u∂y)+∂∂z(μ∂u∂z)−∂p∂x(3)

∂(ρv)∂t+∂(ρvu)∂x+∂(ρvv)∂y+∂(ρvw)∂z=∂∂x(μ∂v∂x)+∂∂y(μ∂v∂y)+∂∂z(μ∂v∂z)−∂p∂y(4)

∂(ρw)∂t+∂(ρwu)∂x+∂(ρwv)∂y+∂(ρww)∂z=∂∂x(μ∂w∂x)+∂∂y(μ∂w∂y)+∂∂z(μ∂w∂z)−∂p∂z(5)

In the formula: v is kinematic viscosity, m2/s; ρ is density, kg/m3; u, v and w are the components of filtration velocity in the x, y and z directions, m/s; p is the pressure on the fluid element, Pa.

2.2.3 Single Value Conditional Setting and Grid Independence Verification

Parameter setting under the premise of consistent with the flow rate at the experimental entrance:

(1)   Water density of 28.5°C: 995.68 kg/m3;

(2)   Dynamic viscosity: 0.847 × 10−3 Pa⋅s;

(3)   Inlet boundary: speed inlet with a size of 0.34 m/s;

(4)   Outlet boundary: pressure outlet, with a relative pressure of 0 Pa;

(5)   Flow passage wall: standard wall boundary;

(6)   Laminar flow: SIMPLE algorithm, second-order upwind format;

(7)   Wall condition: one side wall heat flux 17537 W/m2, one side wall adiabatic.

The grid independence verification results of the above physical model are shown in Tab. 2, and the final grid number was determined to be approximately 3.25 million. Similar treatment was applied to the subsequent improvement scheme of water-cooling plate structure.
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2.3 Comparative Analysis of Experimental and Simulation Results

Fig. 5 shows the comparison of original water-coolinng plate experiment and simulation results. It can be seen from Fig. 5a, as time goes on, the experimental value of outlet temperature continues to rise until the stable value is 34.41°C. Moreover, the experiment is basically consistent with the simulated growth trend of outlet temperature, and the relative error value is less than 5%.
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Figure 5: Comparison of original water-cooling plate experiments and simulation results. (a) Change of outlet temperature over time, (b) Change of heat transfer amount over time

From the Fig. 5b, the heat transfer experimental amount data shows a trend of sustained growth over time. The measured data in Eq. (1) can be obtain to calculate calculation plate to produce the total amount heat of 28800 W. Total heat transfer amount with cold water is 19990 W. The average stable temperature is 39.3°C. The experimental and simulated heat transfer growth trend is approximately consistent, and the relative error of heat transfer is less than 3% at 60 s.

The reasons for some errors between the experimental and simulation results are as follows: 1) The grid division of numerical simulation is not fine enough. 2) Counting error in original water-cooling plate experiment. Although there are some errors between the simulation and experimental results, the simulation results can reflect the change of outlet temperature and heat transfer amount of original water-cooling plate with time accurately, which verifies the rationality of the numerical simulation method and the physical model established in this study.

3  Improvement Scheme and Numerical Simulation Analysis of Water-Cooling Plate Structure

3.1 Formulation of Structural Improvement Plan for Water-Cooling Plate

Representing the characteristics of fluid diversion, when there are too many the internal flow channels, the fluid will be diverted to the nearest and less resistant flow channel, and there is almost no fluid passing through the remaining channels [20]. In the optimization process, the factors such as production difficulty, pipeline reconstruction cost and production cost should be comprehensively considered. According to the simulation results of the original model and the characteristics of fluid diversion, without changing the external size and external structure, a progressive structure transformation was adopted to increase the number of internal processes of the water cooling plate and reduced the number of flow channels. This structure was used to optimize the flow velocity distribution and enhance heat transfer. The three progressive structural improvement schemes (shown below as Scheme 1, 2 and 3) are shown in Tab. 3.
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3.2 Numerical Simulation Analysis

Since the water-cooling plate is the symmetrical structure, the velocity contour of the middle section of each scheme is shown in Fig. 6.
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Figure 6: Velocity cloud diagram of middle section of different programs. (a) Original scheme, (b) Scheme 1, (c) Scheme 2, (d) Scheme 3

It can be seen from Fig. 6 that the flow velocity distribution in the flow channel of the original water-cooled plate scheme is quite uneven and the flow velocity is universal. In addition, the fluid heat transfer coefficient is small. These causes lower heat transfer amount. Compared with the original scheme, the velocity distribution in the first scheme is improved a lot, and the velocity is obviously higher than the original scheme. The velocity distribution of Scheme 2 is not significantly different from that of Scheme 1. However, the average velocity of each process is higher than that of Scheme 1 due to the reduction in the number of flow channels in each process. Compared with the Scheme 2, the velocity distribution in the Scheme 3 is more uniform, but the average velocity change is small. In conclusion, the velocity distribution of the three improved schemes is much better than that of the original scheme.

Fig. 7 shows the comparative analysis of specific data of flow velocity distribution in each scheme of water-cooling plate.
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Figure 7: Velocity distribution in the middle section of different water-cooling plate programs

The flow channel numbers are defined as 1--24 from bottom to top. Fig. 7 shows that in the three improvement schemes, only the flow velocity in the 5–7 channel of the first scheme has decreased. Besides the flow velocity in the channel of the other improvement schemes has increased, which will also help to improve the heat transfer coefficient and heat transfer amount between the fluid and the wall in the water-cooling plate. From the aspect of velocity distribution, the velocity distribution of the improved scheme 3 is the most uniform.

Fig. 8 shows the average flow of all channels in each scheme of the water-cooling plate.
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Figure 8: Average velocity of middle section in each scheme

As can be seen from Fig. 8, compared with the original scheme, the flow velocity of Scheme 2, 3 and 1 increase by 185%, 176% and 102%, respectively. Therefore, from the point of the average velocity, the flow velocity of Scheme 2 is the highest.

The variation of the outlet temperature of each scheme over time is shown in Fig. 9.
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Figure 9: Different programs outlet temperature changes with time

Fig. 9 shows that the outlet temperature of the three improved water-cooling plate schemes changes with time until it is stable, and the response speed of the temperature changes with time in Scheme 2 is the fastest. When the temperature changes tend to be flat, there is little difference between the three improved schemes and the original scheme. Hereby, from the perspective of response speed, Scheme 2 is better. In terms of the outlet water temperature, the outlet temperature of Scheme 1 is the highest and the heat transfer performance is better.

Fig. 10 shows the contrast of the outer wall temperature contour of each scheme.

It can be seen from Fig. 10 that the wall temperature distribution of the three schemes is relatively reasonable. The average temperature of the outer wall in Scheme 1, 2 and 3 is 38.15°C, 35.47°C and 38.95°C, respectively, which are all lower than the simulation temperature of the original scheme of 40.35°C. From the aspect of the wall temperature, the Scheme 2 is better.

The comparison of accumulated heat transfer amount and pressure loss when the outlet temperature of each scheme of water-cooling plate reaches stability is shown in Fig. 11.

As can be seen from Fig. 11, compared with the original scheme, the heat transfer amount in Schemes 2, 1 and 3 increased by 9.5%, 5.3% and 2.9%, respectively. As for the pressure loss, compared with the original scheme, the pressure in Schemes 2, 1 and 3 increased by 210%, 156% and 90%, respectively. Scheme 2 has the highest heat transfer amount and the highest pressure loss. As each of the three schemes has advantages and disadvantages, further analysis is needed to determine the final optimization scheme.

In order to make a more comprehensive analysis of the advantages and disadvantages of the 
water-cooling plate reconstruction scheme, a “comprehensive evaluation index R” which considers both heat transfer amount and power consumption ratio is introduced for analysis. The specific method is as follows: the heat transfer amount Q (W) divided by the product of flow resistance P (Pa) and flow velocity V(L/h), that is, the ratio of the heat transfer amount and water pump power is R (Eq. (6)).

R=QPV(6)

The greater the value of R is, the greater the heat transfer amount under the same power consumption will be, and the better the modification scheme of the water-cooling plate will be. By plugging in the data, the R values of the three reconstruction schemes are approximately 8546, 3860 and 4539, respectively. It can be seen that Scheme 1 is obviously better than the other two.
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Figure 10: Temperature contour of the outer wall surface of different models. (a) Original scheme, (b) Scheme 1, (c) Scheme 2, (d) Scheme 3
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Figure 11: Comparison of simulation results of heat transfer amount and pressure loss of different programs. (a) Cumulative heat transfer amount comparison, (b) Pressure loss comparison

Considering the size and distribution of flow rate, heat transfer amount, pressure loss, easy discharge of bubbles, comprehensive evaluation index R value and actual cost, Scheme 1 was finally selected as the optimal scheme.

4  Analysis of Experimental Results of Optimal Water-Cooling Plate Scheme

4.1 Comparison of Experimental and Simulation Results of the Optimal Water-Cooling Plate Scheme

Scheme 1 was made into a physical object using the modified production line. Under the premise of a given inlet flow rate, the temperature of the inlet and outlet water was measured by a temperature measuring instrument to calculate the heat transfer amount. Meantime, the temperature of the calculation plate was recorded by a laptop. The experimental procedure was the same as that of the original water-cooling plate. The comparison and analysis of the experimental and simulation results are shown in Fig. 12.
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Figure 12: Comparison of optimal program experiment and simulation results. (a) Outlet temperature changes with time, (b) Heat transfer amount changes with time

According to the Fig. 12, the experiment and the simulated outlet temperature change and heat transfer amount growth trend are approximately consistent over time. The relative error at each moment is less than 3%, and that of adjacent wall temperature is less than 3%. Therefore, the rationality of the optimal numerical simulation method is verified.

4.2 Comparison of Experimental Results Between the Optimal Water-Cooling Plate Scheme and the Original Scheme

As can be seen from Fig. 13a, with the change of time, the outlet temperature of the optimal scheme from the beginning to stabilization is always higher than the outlet temperature of the original scheme. Fig. 13b shows that the cumulative heat transfer amount of the optimal scheme is 20834 W, which is 4.2% higher than that of the original scheme of 19990 W. After the experimental stability of the optimal scheme, the temperature of the conculation plate is 37.2°C, which is 5.3% lower than that of the original scheme at 39.3°C. The effect of increasing heat transfer amount and reducing the temperature of the conculation plate is achieved.
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Figure 13: Comparison of experimental results between the optimal scheme and the original scheme. (a) Outlet temperature changes with time, (b) Heat transfer amount changes with time

5  Conclusion

The experiment and numerical simulation of the original water-cooling plate were carried out in this study, and the rationality of the simulation method and the physical model was verified. Three structural improvement schemes were simulated, and the optimal scheme was selected and verified by experiments. The main conclusions are as follows:

(1)   The original water-cooling plate has low heat transfer amount due to the unreasonable structure of the internal flow channel;

(2)   After comprehensive consideration of all factors, Scheme 1 was selected as the optimal scheme;

(3)   After optimization, the heat transfer amount of the water-cooling plate increased by 4.2% compared with the original scheme, and the average temperature of the calculating plate decreased by 5.3%.
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Table 1: Internal specific dimensions ot raw water-cooling plate

Model 12 flow channels x 2 flow processes

Seral number a b c d e f g h i

Units(mm) 12 10 216 10 2 3 1 10 12
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Table 3: Specific dimensions of 1mprovement scheme ot flow channel structure inside water-
cooling plate

Scheme Serial number a b 1 d e f g h i
Original scheme 12 flow channel x 2 flow process
12 10 216 10 2 3 1 10 12

Scheme 1 Type 6 flow channel x 4 flow process

mm 12 10 216 10 2 3 1 10 12
Scheme 2 Type 4 flow channel x 6 flow process

mm 12 10 216 10 2 3 1 10 12
Scheme 3 Type 4 flow channel x 6 flow process

mm 12 22 216 10 2 3 1 10 12

Note: The original water-cooling plate flow channel section d x f =3 mm x 10 mm, plan the top two and three each process flow channel
section for d x f =4 mm x 10 mm, the rest of the runners cross section size is changeless, scheme 3, b = 22 mm.
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Table 2: Verification of grid independence of original water-cooling plate

Seral number Grid number Grid quality Outlet temperature (°C) Heat transfer amount (W)

1 232,261 0.83 34.12 19935
2 512,409 0.83 34.20 19942
3 822,514 0.84 34.31 19954
4 1,032,215 0.84 34.33 19959
5 1,233,089 0.84 34.35 19966
6 2,729,485 0.85 34.38 19972
7 3,251,282 0.85 34.41 19990
8 4,127,128 0.85 34.41 19992
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