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Abstract

:

Particulate fouling is a common fouling in heat exchange equipment, it causes tube corrosion and increases flow resistance. Particulate fouling increases the hidden danger of equipment and requires high treatment costs. In this paper, a novel Ni−P−TiO2 composite coating is prepared on 316 stainless steel using electroless plating and the fouling inhibition characteristics of the novel composite coating are studied using a dynamic monitoring experimental system. The experimental results show that the fouling thermal resistance of the Ni−P−TiO2 composite coating is obviously lower than that of 316 stainless steel under the same working conditions. With the increase in cooling water velocity and inlet temperature, the surface fouling thermal resistance decreases, while, with the increase in particle concentration, the fouling thermal resistance increases. Based on DLVO theory, it is found that the surface energy of Ni−P−TiO2 composite coating is close to the best surface energy for inhibiting particulate fouling deposition, which can significantly inhibit particulate fouling deposition. Compared with the stainless-steel surface of a conventional plate heat exchanger, the Ni−P−TiO2 composite coating not only inhibits the accumulation of particulate fouling, but also reduces the adhesion strength of particulate fouling; additionally, the fouling is easier to strip off the heat exchange surface, which realizes the lasting and efficient fouling inhibition on the heat exchange surface. The research results can provide a data reference for the fouling inhibition design and daily efficient operation of heat exchangers.
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1. Introduction


Particulate fouling is one of the most common types of fouling in heat transfer equipment. It is a fouling layer formed by the deposition of large amounts of particles in cooling water on the heat transfer surface [1]. The cooling medium is generally natural fresh water (lakes or rivers) or sea water in the heat transfer equipment, which is rich in inorganic salts, sediment, and other particles. So, it is difficult to remove the particles using a simple water treatment process. In addition, the circulating cooling water system is mostly open, external particles are also easy to invade, and it provides many “convenient conditions” for the accumulation of particulate fouling. The deposition of particulate fouling in heat exchange equipment has caused a series of equipment operation safety and maintenance problems, such as pipe corrosion and increases in flow resistance, shutdown maintenance, and repair time. It directly or indirectly leads to a significant increase in fuel consumption and carbon dioxide emissions [2,3,4]. Besides, the cost of fouling treatment is also very high. It is estimated that the total annual cost of fouling treatment in developed countries accounts for is about 0.25% of GDP. According to this standard, the cost of fouling treatment in 2021 is estimated about CNY 285.9 billion in China. It can be seen that the harm of the fouling problem in heat exchange equipment cannot be underestimated.



The fouling deposition mechanism is called “one of the unsolved problems in the field of heat and mass transfer” because it is nonlinear, changes over time, and there are many factors affecting the fouling deposition process. The deposition characteristics of heat transfer equipment are studied by means of experiments and numerical simulation. Xu experimentally studied the fouling deposition characteristics of MgO nanoparticles on the heat transfer surface of a plate heat exchanger, reinforced tube, and arranged vortex generator [5,6,7,8]. The particulate fouling characteristics on the herringbone corrugated plate heat exchanger surface are studied under different conditions [9]. The Al2O3 and MgO particulate fouling characteristics in the reinforced tube are studied by the experiment and simulation; the results show that the thermal resistance asymptotic value of particulate fouling increases with the decrease in shear force [10]. The influence of fluid velocity, oversaturation, and wall temperature on CaCO3 fouling deposition on the heat exchange surface were analyzed [11]. Nikkhah explores the influence factors of fouling thermal resistance of CuO/water nanoparticles in an experiment. In the study of the factors affecting the particulate fouling deposition characteristics, the mechanism of particulate fouling deposition has also been gradually deeply understood [12]. The formation mechanism of particulate fouling on the liquid side of the reinforced tube is investigated. The results show that the surface shear stress, particle diameter, and concentration are related to the adhesion probability and deposition adhesion intensity factor. The asymptotic value of the reinforced pipe is higher than that of ordinary tubes [13]. The particulate fouling on the heat transfer surface is investigated in a numerical simulation based on the CFD multiphase method coupled with Lagrangian particle tracking (LPT) and Euler methods [14]. The interaction mechanism among the turbulent structure, heat transfer, and particulate fouling deposition on the corrugated heat transfer surface by means of experiment and numerical simulation was studied [15]. The cooperative deposition mechanism of particulate fouling and microbial fouling was investigated under different working conditions through experiments [16]. A large number of studies have effectively promoted the understanding of the deposition mechanism of particulate fouling. However, due to the complexity of the particulate fouling deposition process, the deposition mechanism of particulate fouling on the heat exchange surface has not been completely revealed, leading to the slow development of fouling inhibition countermeasures and technology on the heat exchange surface. At present, some common technical means, such as high-pressure water [17] and chemicals [18,19], can to a certain extent inhibit or reduce the fouling accumulation on the heat exchange equipment surface, but it is also easy to bring a series of problems to the environment and equipment, such as water pollution, corrosion equipment, etc. [20,21]. Under the pressure of the water resource shortage and sustainable development, the methods are gradually limited and eliminated. The development of surface modification technology and bionics provides new ideas for cleaning and efficiently controlling fouling in heat transfer equipment. Some studies have shown that coatings such as diamond−like carbon film (DLC) [22] and biomimetic nano−coating based on the lotus leaf effect [23] can effectively reduce fouling deposition, which proves that the coating has the characteristics of fouling inhibition from the technical perspective. A coating of perfluoropolyether and nano−ceramic oxide powder is coated on the stainless steel and greatly reduces the adhesion of fouling on the surface [24]. The Plasma Electrolytic Oxidation coatings with embedded copper particles can produce significant antifouling during the first 20 days of immersion [25]. It is found that the Ni−P and Ni−Cu−P-PTEE coatings on the heat transfer surface by electroless have good inhibition to CaCO3 and CaSO4 crystallization fouling [26,27]. The chemical silver plating on the heat transfer surface can significantly reduce the adhesion of biological fouling [28]. The polymethylmethacrylate-doped boron nitride coating on a stainless−steel plate of the plate heat exchanger was prepared and it showed strong fouling inhibition characteristics in a CaCO3 fouling experiment [29]. Zaghloul can effectively increase the mechanical property of material by improving the polyethylene composites [30,31,32,33]. Jindal finds that the plate heat exchanger coated with Ni−P−PTFE effectively reduces the accumulation of dairy product fouling, while, at the same time, reducing the adsorption and growth of bacteria on the surface [34]. The Ni−P−PTFE and DLC coatings significantly change the surface energy of the substrate and significantly reduce the adhesion of aluminum silicate fouling [35]. The TiO2 nanoparticles have received extensive attention due to their unique physical and chemical properties [36,37,38]. TiO2 nanoparticles are added to the Ni−P plating solution to form a composite coating, which shows significant advantages in hardness, corrosion resistance, and bacteriostasis [39,40,41,42]. Some of these characteristics may significantly enhance the ability of the composite coating to inhibit particulate fouling accumulation.



In this paper, the particulate fouling accumulation is inhibited or reduced using composite coating technology on the plate heat exchanger. The Ni−P−TiO2−composite−modified coating is coated on 316 stainless steel. The particulate fouling deposition characteristics of the plate heat exchanger coated with Ni−P−TiO2−composite-modified coating are experimentally studied under different operating conditions (cool medium inlet velocity, temperature, and particle concentration). The specific mechanism of the novel composite−modified coating−inhibiting particulate fouling accumulation is discussed. The research results show that the Ni−P−TiO2 composite coating can effectively inhibit the deposition of particulate fouling on the heat exchange surface.




2. Material and Method


2.1. Preparation and Analysis of Material


2.1.1. Preparation and Morphology Analysis of Composite Coating


In this paper, Ni−P−TiO2 composite modified coating was coated on 316 stainless steel using chemical composite plating. The plate was herringbone with a thickness of 0.6 mm and an included angle of 120°. The other dimensions of the coated plate were shown in Table 1. The 316L stainless steel was pretreated by processes such as sandpaper grinding, alkali liquor degreasing, water washing, and acid washing. In order to improve the binding force between the Ni−P−TiO2 coating surface and the substrate surface. First, it was necessary to plate the nickel on the 316 stainless steel and then further plate the Ni−P−TiO2 on the substrate surface. The composition plating solution was: 20–30 g·L−1 sodium sulphate, 20–30 g·L−1 sodium monophosphate, 10–20 g·L−1 sodium acetate trihydrate, 10–20 g·L−1 trisodium citrate dihydrate, 15–30 mL·L−1 lactic acid, 1 g·L−1 nano-TiO2 particles, and 2–4 g·L−1 surfactant. The fabricated temperature was 88 ± 2 °C and the plating time was 2 h. There was no obvious accumulation of TiO2 nanoparticles at the bottom of the cup throughout the plating process, indicating that the composite plating solution has good dispersion and thermal stability. Figure 1 shows the microtopography of the coated Ni−P−TiO2 composite coating. It can be seen that the globular cells are uniformly distributed on the coated Ni−P−TiO2 composite coating, which is caused by the co-deposition of the nickel wrapped in TiO2 nanoparticles. On the whole, the composite coating was relatively smooth, with strong binding force with the substrate, and has no surface defects such as stomata and coating peeling cracking.



The element of Ni−P−TiO2 composite coating is analyzed using Energy Dispersive Spectroscopy and the energy spectrum image is shown in Figure 2. The element P, Ni, and Ti are observed and the content of Ti is in the range of 6.12–7.34 wt.%. The results show that the Ni−P−TiO2 coating has been successfully prepared on the 316 stainless steel.




2.1.2. Measurement of Contact Angle and Analysis of Surface Energy


The surface free energy has a significant effect on the fouling accumulation on the heat transfer surface. In this paper, the contact angles of 316 stainless steel and Ni−P−TiO2 composite coating were measured using the contact angle tester (SDC-200S). Ethylene glycol, distilled water, and diiodomethane were used as the test liquids. The contact angle of the sample surface was measured many times based on the hanging drop method. The average surface energy of the 316 stainless steel and the Ni−P−TiO2 composite coating were calculated based on Young’s equation [43]. The specific measurement and calculation results are shown in Table 2. The contact angle is shown in Figure 3 when the test liquid was distilled water.





2.2. Experimental Method


2.2.1. Experimental System


Figure 4 shows the experimental system for the dynamic monitoring of particulate fouling on the plate heat exchanger, which mainly includes four parts: low temperature fluid circulation system, high temperature fluid circulation system, cooling system, and data acquisition system. The MgO nanoparticles are added in low temperature fluid to simulate the particulate fouling deposition process in cooling water. When high and low temperature fluid exchange heat in the plate heat exchanger, the MgO nanoparticles in the cooling water will accumulate on the plate heat exchanger surface. Eventually, a stable fouling deposition is formed on the plate surface, which results in the heat transfer performance of the plate heat exchanger being reduced. The inlet and outlet temperature of the cold and hot fluid are collected by the data acquisition system in real time, which is for further calculating the fouling thermal resistance on the plate heat exchanger surface.




2.2.2. Experimental Theory


The basic measurement and calculation theory of fouling thermal resistance in this experimental system are introduced here. The heat exchange of the plate heat exchanger Φ is equal to the heat gain of low temperature circulating fluid Φ2 and to the heat loss of high temperature circulating fluid Φ1:


   Φ = k A  Δ  t m  =  q  m 1    c p   (   t 1  in   −  t 1  out    )  =  q  m 2    c p   (   t 2  out   −  t 2  in    )   



(1)







In the formula, k is the total heat transfer coefficient; W/(m2·K), A is the heat transfer area, m2; qm is the mass flow rate, kg/h; cp is the specific heat capacity at constant pressure, J/(kg·K); t1 and t2 are the temperature of high−temperature and low-temperature circulating fluid, respectively, K.



The relative error of the heat balance is defined by considering the heat loss of the plate heat exchanger:


  η =    Φ 1  −  Φ 2     Φ 1    × 100 %  



(2)







If |η| ≤ 5%, the data are considered reasonable for collection.


  k =  Φ  A   Δ  t m    =    Φ 1  +  Φ 2    2 A   Δ  t m    =    q  m 1    c p  (  t 1  in   −  t 1  out   ) +  q  m 2    c p  (  t 2  out   −  t 2  in   )   2   A Δ  t  m        



(3)







Then, calculate the fouling thermal resistance:


   R f  =  1 k  −  1   k 0     



(4)







k0 and k are the total heat transfer coefficient of the plate exchanger under clean condition and fouling condition, respectively, W/(m2·K).



Therefore, the total heat transfer coefficient of the plated Ni−P−TiO2 composite coating under the clean condition and fouling condition can be calculated by measuring the parameters (qm1, qm2, t1, and t2). Then, that the particulate fouling thermal resistance value Rf of the Ni−P−TiO2 composite coating according to Equation (4) is calculated.



The wall shear force τs is calculated using Equation (5) and Equation (6):


  f =  d e  Δ P /  (  2 L ρ  u 2   )   



(5)






   τ s  = f ρ  u 2  / 2  



(6)







f is the Fanning friction factor. ΔP is the differential pressure, Pa. ρ and u are the density and velocity of fluid (kg/m3, m/s). de is the equivalent diameter, m.



The optimal surface free energy (static) that causes the particles to adhere to the surface is obtained based on the extended DLVO theory [43]:


     γ  s , min     =  1 2   (     γ b  LW     +    γ l  LW      )   



(7)







The    γ s  LW    ,    γ b  LW     (testing, 49.89 MJ/m2), and    γ l  LW     (21.8 MJ/m2) are the Lifshitz–van der Waals (LW) non−polar component of the heat transfer surface, MgO nanoparticles, and the water.




2.2.3. Error Analysis of Experimental System


The measuring equipment used in this study has been calibrated in accordance with NIST traceability standards. All the experimental error and the considered calculation parameters associated with the sensor in use are listed in Table 3. The error of parameters can be obtained by the following calculation. Assume that y is an indirectly measured function, which can be calculated from several directly measured functions in Equation (8). The deviation of y is shown in Equation (9).


  y = f  (   x 1  ,  x 2  ⋯  x n   )   



(8)






   Δ y =   ∂ f   ∂  x 1    Δ  x 1  +   ∂ f   ∂  x 2    Δ  x 2  + ⋯ +   ∂ f   ∂  x n    Δ  x n                                                   d y  y  =   ∂ f   ∂  x 1      d  x 1     x 1    +   ∂ f   ∂  x 2      d  x 2     x 2    + ⋯ +   ∂ f   ∂  x n      d  x n     x n      



(9)







The fouling thermal resistance studied is the indirect measurement value, which is calculated by the known formula and direct measurement value. The direct measurement values include temperature, pressure, flow, etc. The maximum error values of the instruments used to measure these parameters are shown in Table 4.



Temperature measurement error:


   ε t  =      (  0.2 %  )   2  +    (  0.01 %  )   2  +    (  0.05 %  )   2    = 0.2064 %  



(10)







Pressure measurement error:


   ε p  =      (  0.1 %  )   2  +    (  0.01 %  )   2  +    (  0.05 %  )   2    = 0.1122 %  



(11)







Flow measurement error:


   ε  q v   =      (  0.5 %  )   2  +    (  0.05 %  )   2  +    (  0.01 %  )   2    = 0.5025 %  



(12)







Logarithmic mean temperature difference error:


   ε  Δ  t m    =      (    ∂ Δ  t m    ∂  t 1  in      )   2   ε t 2  +    (    ∂ Δ  t m    ∂  t 1  out      )   2   ε t 2  +    (    ∂ Δ  t m    ∂  t 2  in      )   2   ε t 2  +      (    ∂ Δ  t m    ∂  t 2  out      )   2   ε t 2  = 0.2071 %  



(13)







Total heat transfer coefficient error:


   ε Φ  =    ε  q v  2  +  ε  Δ t  2    =      (  0.50 %  )   2  +    (  0.2950 %  )   2    = 0.5806 %  



(14)






     ε k    =    ε A 2  +  ε Φ 2  +  ε  Δ  t m   2  +    (  5 %  )   2    =      (  0.05 %  )   2  +    (  0.5806  )   2  +    (  0.2056 %  )   2  +    (  5 %  )   2          = 6.693 %    



(15)







The relative errors of the temperature, pressure, and flow measurements of the experimental platform meet the engineering requirements (less than ±1%) and the relative error of the total heat transfer coefficient is less than ±10%.




2.2.4. Stability Verification of the Experimental System


To verify the stability of the experimental system, whether the total heat transfer coefficient under the clean condition and the fouling heat resistance under the given working condition change or not are tested. It can be seen from the test results provided in Figure 5 that the total heat transfer coefficient of the plate heat exchanger measured under the clean condition has good stability under various working conditions. The relative error of the fouling thermal resistance asymptotic value is less than 1% by repeated experiments, which further shows that the experimental system has good stability.






3. Results and Discussion


Based on the dynamic monitoring system of particulate fouling on the heat transfer surface, the influence of the velocity and temperature of the inlet cooling water and MgO nanoparticle concentration on the fouling characteristics of the Ni−P−TiO2 composite coating were studied. The fouling inhibition performance of the Ni−P−TiO2 composite coating was further studied by comparing the particulate fouling thermal resistance of 316 stainless steel and Ni−P−TiO2 composite coating. Figure 6 shows a microtopography of particulate fouling deposition on the Ni−P−TiO2 composite coating and the 316 stainless steel with a fluid velocity of 0.2 m/s and the MgO nanoparticle concentration of 200 mg/L. It can be seen that the deposited particle layer on the 316 stainless steel is relatively tight, indicating that the fouling layer has a strong binding force with the surface. Therefore, the fouling layer on the 316 stainless steel is difficult to be stripped by the fluid and contributes to the further attachment and deposition of particles. While the micromorphology of the deposited particle layer on the Ni−P−TiO2 composite coating shows the flocculent loose structure. Compared with that on the 316 stainless steel, the deposited particle layer on the Ni−P−TiO2 composite coating has a poor binding force and is more easily separated by the fluid. This is due to the addition of TiO2 nanoparticles in the preparation of composite coating, in which the surface is covered with a spherical bulge structure. It is easy to form a loose porous structure when the fouling particles deposit on the surface. The deposited particles are easy to break away from the surface and return to the circulating cooling water under the fluid washing.



3.1. Effect of Cooling Water Velocity on Fouling Thermal Resistance Characteristics of Heat Transfer Surface


Figure 7 shows the change of the particulate fouling thermal resistance of 316 stainless steel and Ni−P−TiO2 composite coating under the cooling water velocity of 0.1–0.3 m/s. It can be seen that under the same working condition, the growth of the particulate fouling thermal resistance on the heat transfer surface has no obvious induction period. Additionally, the fouling thermal resistance decreases with the increasing cooling water velocity.



The influence of the cooling water velocity on the shear force of the heat exchange wall is shown in Figure 8a. With the increase in the cooling water velocity, the shear force of the fluid on the flow channel of the plate heat exchanger increases significantly, which strengthens the erosion and shedding of the particulate fouling, and finally keeps the fouling thermal resistance stable at a low value. The shear force exerted on the Ni−P−TiO2 composite coating is significantly less than that exerted on the 316 stainless steel under the high velocity. When the cooling water velocity is larger, the fouling thermal resistance of the Ni−P−TiO2 composite coating reduction is more significant. It indicates that the fouling layer on the composite coating is relatively loose and can be stripped by a small shear force. It shows that the Ni−P−TiO2 composite coating can achieve a highly efficient fouling inhibition.



Figure 8b shows the change in the asymptotic value of the fouling thermal resistance on the Ni−P−TiO2 composite coating and 316 stainless steel at different fluid velocities. Under the same working condition, with the increase in the cooling water velocity (0.1–0.3 m/s), the asymptotic value of the fouling thermal resistance on the Ni−P−TiO2 composite coating decreases by from 22.54% to 34.41%. In the case of large fluid velocity, the fouling thermal resistance of the Ni−P−TiO2 composite coating decreases more than that of 316 stainless steel. It shows that the Ni−P−TiO2 composite coating can not only reduce the attachment of fouling particles but that, at the same time, the attachment strength of the fouling thermal resistance is significantly reduced. The fouling layer accumulated on the Ni−P−TiO2 composite coating is more stripped back into the fluid at a large cooling water velocity, it keeps the amount of fouling accumulation on the composite coating at a lower level.




3.2. Effect of Cooling Water Temperature on Fouling Thermal Resistance Characteristics of Heat Transfer Surface


Figure 9 shows the changes of the fouling thermal resistance on 316 stainless steel and Ni−P−TiO2 composite coating at a cooling water temperature of 30–40 °C. It can be seen that, as the inlet temperature of the cooling water increases, the asymptotic values of the fouling’s thermal resistance on the 316 stainless steel and the Ni−P−TiO2 composite coating gradually decreases. Although the initial concentration of the MgO nanoparticles is the same, the Brownian motion of the particles increases with the increasing cooling water temperature and the MgO nanoparticles become easier to agglomerate. When a large number of MgO nanoparticles deposit at the bottom of the water tank or heat transfer channel, a larger particle cluster is formed on the heat exchange surface. The particle cluster is more easily stripped by the fluid and it is difficult to form a stable fouling layer on the heat exchange surface. Therefore, the asymptotic value of the fouling thermal resistance on the heat exchange surface remains at a low level. When the temperature of the cooling water changes from 30 to 35 °C, the decrease in the range of the asymptotic value of the fouling resistance is significantly greater than that at temperatures from 35 to 40 °C. Therefore, on the premise of meeting the heat exchange demand, reasonably adjusting the cooling water temperature can help to reduce the deposition of MgO nanoparticles on the heat exchange surface. With the increase in the cooling water inlet temperature, the asymptotic value of particulate fouling thermal resistance on the Ni−P−TiO2 composite coating decreases by 25.15%–39.14% compared with that on the 316 stainless steel.




3.3. Effect of MgO Nanoparticle Concentration on Fouling Thermal Resistance Characteristics of Heat Transfer Surface


Figure 10 shows the change of the fouling thermal resistance on the plate heat exchanger surface with a MgO nanoparticle concentration of 100, 200, and 400 mg/L. It can be seen that, for both the Ni−P−TiO2 composite coating or the 316 stainless steel, with the increase in the MgO nanoparticle concentration, the fouling deposition rate and the fouling thermal resistance increases rapidly. The increase in the particle concentration in cooling water will lead to a larger particle concentration gradient between the fluid and the wall and it can significantly strengthen the mass transfer process of particles to the wall and significantly increase the probability of particle deposited on the wall. At a given fluid velocity, the shear force of the fluid to the wall does not increase significantly with the increasing particle concentration, which causes the asymptotic value of the fouling thermal resistance on the plate heat exchanger surface to increase with the particle concentration.



When the MgO nanoparticle concentration increases from 100 to 200 mg/L, the fouling thermal resistance on the Ni−P−TiO2 composite coating and 316 stainless steel increases by 205% and 231%, respectively. When the concentration of the MgO nanoparticles increases from 200 to 400 mg/L, the fouling heat resistance on 316 stainless steel increases by 59%, while the fouling heat resistance increases by only 12% on the Ni−P−TiO2 composite coating. At this time, it significantly reduces the increased range of particulate fouling heat resistance on the heat transfer surface. Therefore, the effect of the particle concentration on the fouling thermal resistance is not linear. When the particle concentration exceeds a certain value, the effect of particle concentrations on the transport of particles to the wall is reduced. When the particle concentration is large, the particle agglomeration phenomenon is obvious. The large particle clusters often form deposits on the stagnation area such as the channel and valve, but are not easy to deposit on the plate area with large flow disturbance. Then, the effect of coating characteristics on the adhesion strength becomes the main factor to control the particulate fouling deposition. In the range of the MgO particle concentration change (100–400 mg/L) in the experiment, the fouling thermal resistance on the Ni−P−TiO2 composite coating decreases by 24.98%–45.36% compared with that on the 316 stainless steel, which shows that the Ni−P−TiO2 composite coating has a strong fouling inhibition performance.




3.4. Analysis of Fouling Inhibition Characteristics on Ni−P−TiO2 Composite Coating


Figure 11 shows the macroscopic topography of the Ni−P−TiO2 composite coating (left) and 316 stainless steel (right) after the particulate fouling experiment. It can be seen that the quantity of particles deposited on the Ni−P−TiO2 composite coating is less. It is found that the particles’ adhesion strength on the Ni−P−TiO2 composite coating was poor in the cleaning process and the deposited particles are easier to remove. However, the particles’ adhesion strength is higher on the 316 stainless steel, so a relatively stable fouling layer is formed on the 316 stainless steel and the cleaning is more difficult.



In the case of the low-inlet velocity of cooling water, the wall shear forces of the Ni−P−TiO2 composite coating and 316 stainless steel are nearly equal. Under the same working conditions, the surface characteristics become the main factor affecting the deposition of MgO nanoparticles on the heat transfer surface. In this paper, the surface energy is calculated based on the tested contact angle of 316 stainless steel and Ni−P−TiO2 composite coating. Additionally, the influence of the surface characteristic change from the Ni−P−TiO2 composite coating on the particulate fouling adhesion is further analyzed.



Based on DLVO theory, the optimal surface energy to minimize the depositing amount of MgO nanoparticles is calculated (34.41 MJ/m2), which is close to the surface energy (35.93 MJ/m2) of Ni−P−TiO2 composite coating in this paper. This is the reason that the asymptotic value of fouling resistance on the composite coating is significantly lower than that on the stainless steel. On the one hand, at high fluid velocity, the shear force of fluid on the wall increases significantly. Compared with the stainless steels, the particulate fouling layer on the Ni−P−TiO2 composite coating is porous and loose, which is easy to strip back into the cooling water. On the other hand, the coated Ni−P−TiO2 composite coating significantly reduces the adhesion strength of the MgO nanoparticle on the surface. Under the same working conditions, the particulate fouling on the Ni−P−TiO2 composite coating is more easily stripped back into the circulating cooling water. Finally, the particle deposition on the Ni−P−TiO2 composite coating remains low for a long time. It realizes the lasting cleaning and fouling inhibition of the heat exchange equipment.





4. Conclusions


In this paper, the Ni−P−TiO2 composite coating was coated on the 316 stainless steel in a plate heat exchanger as the substrate and the characteristics of the fouling particles deposited on the composite coating were further studied in an experiment. The fouling thermal resistance data of MgO nanoparticles on the Ni−P−TiO2 composite coating were obtained and the specific mechanism of the fouling inhibition of the Ni−P−TiO2 composite modified was investigated. The following conclusions are obtained:




	(1)

	
The Ni−P−TiO2 composite coating coated on the 316 stainless steel as the substrate significantly changed the surface energy and microstructure of the original stainless steel.




	(2)

	
At varied cooling water velocity (0.1–0.3 m/s), inlet temperature (30–40 °C), and MgO nanoparticle concentration (100–400 mg/L), the asymptotic value of the nano−MgO particulate fouling on the Ni−P−TiO2 composite coating was reduced by 25.15%–45.26% compared with the uncoated 316 stainless steel.




	(3)

	
Based on DLVO theory, the surface energy of the Ni−P−TiO2 composite coating (35.93 MJ/m2) is close to the optimal surface energy (34.41 MJ/m2) for inhibiting the MgO nanoparticle deposition. The Ni−P−TiO2 composite coating can not only reduce the nanoparticle adhesion to the wall but also the adhesion strength of the attached fouling layer. The fouling is easier to be stripped off at high fluid velocity, which causes the surface to remain clean for a longer time.
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Figure 1. Morphology of Ni−P−TiO2 composite coating. 
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Figure 2. Element analysis of Ni−P−TiO2 composite coating. 
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Figure 3. Contact angle of (a) 316 stainless steel and (b) Ni−P−TiO2. 
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Figure 4. Experimental system construction, (1) Plate heat exchanger; (2) Water tank of low temperature medium; (3) Circulating pump of low temperature medium; (4) Bypass valve; (5) Cold end electromagnetic flowmeter; (6) Cold end balance valve; (7) Pressure gauge of inlet cold water; (8) Pressure gauge of outlet cold water; (9) Water tank of cooling air; (10) radiator; (11) Circulating pump of cooling air; (12) Heat exchange fan; (13) Thermostatic water tank; (14) Circulating pump of high temperature medium; (15) Hot end electromagnetic flowmeter; (16) Pressure gauge of inlet hot water; and (17) Pressure gauge of outlet hot water. 
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Figure 5. Stability verification of the experimental system under (a) clean condition and (b) particulate fouling deposition condition. 
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Figure 6. Microtopography of particulate fouling deposition on (a) the 316 stainless steel and (b) the Ni−P−TiO2 composite coating. 
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Figure 7. Influence of cooling water velocity on the fouling heat resistance of (a) 316 stainless steel plate and (b) Ni−P−TiO2 composited coating. 
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Figure 8. Influence of fluid velocity on (a) the wall shear force and (b) the fouling resistance asymptotic value. 
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Figure 9. Influence of cooling water temperature on the fouling resistance of (a) 316 stainless steel plate and (b) Ni−P−TiO2−composited coating. 
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Figure 10. Influence of MgO nanoparticle concentration on the fouling resistance of (a) 316 stainless steel plate and (b) Ni−P−TiO2 composited coating. 
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Figure 11. Macroscopic topography of the Ni−P−TiO2 composite coating (left) and 316 stainless steel (right) at the MgO solution concentration is 400 mg/L. 
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Table 1. Parameters of plate heat exchanger.
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	Materia
	Plate Size/mm
	Corrugated Form
	Corrugated Depth/mm
	Equivalent

Diameter/mm





	316 stainless steel
	258 × 100
	Herringbone
	2
	4



	Section area/m2
	Hole diameter/mm
	Plate

thickness/mm
	Heat transfer

area/m2
	Corrugated Angle/°



	0.000167
	Φ20
	0.6
	0.15
	120
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Table 2. Contact angle and surface energy of heat transfer surface.
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Surface

	
Contact Angle θ (°)

	
Surface Energy (mJ/m2)




	
θw

	
θDi

	
θEG

	
γLW

	
γ−

	
γ+

	
γTOT






	
316 stainless steel

	
95.6

	
25.7

	
48.5

	
44.56

	
2.29

	
0.81

	
47.09




	
Ni−P−TiO2

	
98.7

	
47.6

	
71.0

	
35.58

	
0.66

	
0.05

	
35.93
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Table 3. Error estimates for measurement and calculation.
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	Temperature
	Pressure
	Volume Flow
	Heat Transfer Coefficient





	±0.20%
	±0.11%
	±0.50%
	±6.69%
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Table 4. Maximum error values of instruments.
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	Pt100 Thermal Resistance
	Differential Pressure Transmitter
	Winding Resistance
	A/D Converter
	Electromagnetic Flowmeter





	0.2%
	0.1%
	0.05%
	0.01%
	0.5%
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