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Abstract

:

The continuous solar collector is a promising heater and reactor for the hydrothermal liquefaction (HTL) of microalgae biomass. To enhance the heat transfer and hydrothermal conversion of microalgae slurry in solar-driven reactors, a static mixer is inserted in the flow channel of the solar collector. A numerical model combining CFD and HTL reactions of microalgae biomass is proposed. Six composition equations of protein, carbohydrates, lipids, biocrude, aqueous phase and biogas were proposed, while corresponding HTL kinetics were utilized to simulate the conversion rate of the reactants and products. The effects of the twist ratio of the static mixer (3–10), flow rate (30–80 L/h) and solar intensity (650, 750, 850 W/m2) on the flow resistance, heat transfer and organics formation of microalgae slurry were investigated. The swirl flow caused by the static mixer with a twist ratio of three increased the convective heat transfer coefficient (97 W·m−2·K−1) by 2.06 times, while the production rate of biocrude (0.074 g·L−1·s−1) increased by 2.05 times at 50 L/h and 750 W/m2. This investigation gives guidance for utilizing static mixers in solar-driven reactors to optimize the heat transfer and HTL of microalgae biomass with solar heat sources.
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1. Introduction


Biofuel is regarded as carbon-neutral energy and has drawn great attention due to its zero CO2 emissions [1,2,3]. Microalgae biomass is an attractive source of biofuel to substitute for conventional fossil fuels, due to its ability to efficiently convert CO2 into biomass through photosynthesis in cultivation [4,5]. Thermochemical processes, such as combustion, pyrolysis, gasification and hydrothermal conversion, are a promising route for biofuel production [6,7]. Particularly, hydrothermal conversion converts wet biomass into biofuels in hot-compressed water [8,9], reducing energy consumption during the dry process [10]. As microalgae biomass exists in algal slurry with high water content, hydrothermal conversion acts as a suitable method to produce microalgal biofuels [11,12]. For instance, biocrude oils containing ideal heating values (36–40 MJ/kg) are obtained from microalgae using hydrothermal liquefaction (HTL) [13].



The combination of solar collectors and continuous HTL reactors is a promising route to establish zero-energy consumption systems for biofuel production [14,15]. Solar energy, as a renewable and economical heat source, is utilized to supply the heating requirement of microalgae biomass in HTL reactors. To satisfy the temperature conditions (250–350 °C) of HTL [16], several concentrated solar collectors, such as parabolic trough solar collectors and dish solar collectors, are utilized to directly heat the feedstocks during the HTL process [17,18]. Giaconia et al. [19] analyzed an HTL system to produce biocrude from microalgae; parabolic solar collectors and electric power were utilized to support the heat requirement of the HTL system. Saucedo et al. [20] proposed a novel solar reactor for hydrothermal processing, containing a solar cavity receiver and seven tubes for biomass slurry flow. Briongos et al. [21] proposed a linear solar-driven reactor with twin-screws for continuous hydrothermal carbonization of wet biomass. The effects of the incoming heat flux (8–20 kW/m2), reactor length (L/D = 30–60) and the rotating velocity of the screw (25–100 rpm) were investigated. Xiao et al. [17] established a parabolic solar-driven continuous hydrothermal reactor for algal biomass, in which the processing capacity of the microalgae was set at 60 L/h.



Due to the weak heat conductivity of biomass slurry, the high temperature gradient of algal slurry in the continuous reactor is the bottleneck of the HTL process [22,23,24]. Fu et al. [25] indicated that the thermal conductivity of the cell of Chlorella is 0.512 W·m−1·K−1 at 25 °C, which is obviously lower than water (0.62 W·m−1·K−1). In a tubular reactor with uniform heat flux, the radial temperature difference is higher than 60 °C, inducing a negative effect on the HTL of the algal biomass [25]. As the solar-integrated reactor receives non-uniform heat fluxes reflected by the solar reflector, the temperature heterogeneity of the algal slurry in the solar reactor is higher than that in the tubular reactor with a uniform heat flux [23]. For instance, the non-uniform heat flux in the circumferential direction of the solar collector can produce a temperature difference higher than 30 °C, while the temperature difference of algal slurry is higher than 50 °C at a flow rate of 60 L/h [24]. During the HTL process, the reaction rate and the composition of products are significantly affected by the temperature [16]. Therefore, it is urged for the heat transfer of algal slurry to be reinforced for enhancing the solar-driven HTL process.



Twisted tape is an efficient device that is inserted in tubular reactors for the enhancement of the heat transfer of fluid [26,27]. Regarding biomass slurry as a heat transfer fluid, high viscosity limits its heat transfer enhancement. Twisted tape inserted in the heat transfer can give rise to the swirl effect and reduce the thermal boundary layer thickness of heat transfer fluid in the tube [28,29], enhancing the convective heat transfer performance. Moreover, algal slurry is a non-Newtonian fluid, causing the appearance of shear-thinning properties [30]. Therefore, the swirl effect of algal slurry is able to reduce the viscosity, further enhancing the heat transfer of algal slurry [27]. Recently, static mixers are increasingly being utilized in heat transfer process industries [31]. The Nusselt numbers of tubes with static mixers are three times higher than plain tubes, while the twist ratio of the static mixer is between 3 and 10 [32]. In addition, the high-efficiency mixing induced by static mixers is beneficial to optimize the mass transfer in the continuous reactor during chemical conversion [33,34]. Chen et al. proposed a tubular reactor with a static mixer [24]; the convective heat transfer coefficient (1707 W⋅m−2⋅K−1) and biocrude yield (0.298 g⋅L−1) were 2.55 and 1.59 times higher than those of a plain tubular reactor [22]. In general, the heat transfer performance of fluid in the tube flow with static mixers has been discussed in detail. However, the HTL of biomass slurry in tubular reactors with non-uniform heat resources has not been clearly investigated. Therefore, the heat transfer enhancement of algal slurry in solar-driven HTL reactors with static mixers deserves to be investigated.



In this study, a numerical model combining flow, heat transfer, HTL kinetics and non-uniform heat boundary conditions is proposed. The effects of the twist ratio of the static mixer (3–10), flow rate (30–80 L/h) and solar intensity (650, 750, 850 W·m−2) on the flow resistance, heat transfer and the yield of organics in the HTL reactor were investigated. On this basis, the PECs of solar-driven reactors with different static mixers were compared. The swirler effects on the heat transfer and HTL conversion of algal slurry in the solar reactor were analyzed. In addition, the comprehensive effects of direct solar radiation intensity and the residence time of the algal slurry in the reactor were analyzed. This investigation gives guidance for utilizing static mixers in continuous solar reactors for the design and optimization of the continuous HTL of biomass slurry.




2. Numerical Model and Simulations


2.1. Physical Condition and Model Assumptions


Figure 1 shows the three-dimensional model of a solar-driven tubular reactor with or without a static mixer. The length (L) of the solar-driven tubular reactor was 6000 mm. The outer diameter and inner diameter of the solar-driven tubular reactor were 38 mm and 32 mm, respectively. The length (L) and the width (w) of the parabolic trough solar reflector were 6000 mm and 2550 mm, respectively. The specular reflectance, transmission of the glass tube and absorptance of the collector were 0.93, 0.915 and 0.95, respectively. In this case, the direct solar radiation intensity was set as 650, 750 and 850 W/m2, while the corresponding non-uniform heat flux q on the outer wall of the solar-driven tubular reactor can be expressed as Equation (1), Equation (2) and Equation (3), respectively [24].


   q     650 W / m   2    =       − 1734.9  x 2  + 41930 x − 222688     0 ° ≤ θ ≤ 130 °       − 65.584  x 2  + 1804.3 x + 17429     130 ° < θ ≤ 180 °       − 65.584  x 2  − 1804.3 x + 17429     180 ° < θ ≤ 230 °       − 1734.9  x 2  − 41930 x − 222688     230 ° < θ ≤ 360 °        



(1)






   q     750 W / m   2    =       − 2001.8  x 2  + 48380 x − 256946     0 ° ≤ θ ≤ 130 °       − 81.652  x 2  + 2139.2 x + 20031     130 ° < θ ≤ 180 °       − 81.652  x 2  − 2139.2 x + 20031     180 ° < θ ≤ 230 °       − 2001.8  x 2  − 48380 x − 256946     230 ° < θ ≤ 360 °        



(2)






   q     850 W / m   2    =       − 2268.8  x 2  + 54831 x − 291206     0 ° ≤ θ ≤ 130 °       − 92.539  x 2  + 2424.5 x + 22702     130 ° < θ ≤ 180 °       − 92.539  x 2  − 2424.5 x + 22702     180 ° < θ ≤ 230 °       − 2268.8  x 2  − 54831 x − 291206     230 ° < θ ≤ 360 °        



(3)




where the corresponding x-axis coordinate value x (m) is calculated as follows:


  x = 16 sin     θ π  /  180   °    



(4)




where θ is the angle of the solar-driven tubular reactor.



The static mixers inserted in the solar-driven tubular reactor have a series of twist ratios (Y = Ht/Dt = 3, 4, 6, 10), which represent the relationship between the axial distance of the static mixer (Ht) and the width of the static mixer (Dt) (shown in Figure 1). According to the twist ratio of static mixers, the static mixers were labeled as SM-3, SM-4, SM-6 and SM-10, respectively. The thickness (δ) and the width (Dt) of the static mixer were 1 mm and 28 mm, respectively.



In the continuous HTL of microalgae biomass, algal slurry was continuously flowing through the solar-driven tubular reactor with or without the static mixer. Meanwhile, the algal slurry flow through the solar-driven reactor absorbs the non-uniform heat supplied from the parabolic trough solar reflector. The flow rates of the algal slurry were set as 30, 40, 50, 60, 70, 80 L/h. The inlet temperatures of the algal slurry were set as 300 K. The algal slurry mainly contains microalgae biomass and water, whose mass fraction of microalgae biomass was set as 10 wt.%. The outlet pressure was set as 20 MPa. In general, boundary conditions and the studied parameters are summarized in Table 1.




2.2. Governing Equations


In the current study, a three-dimension model was established. The non-uniform heat flux distribution was applied around the tube, whose distribution pattern obeys Equations (1)–(3). Algal slurry was assumed as an incompressible and homogeneous fluid. With the forced convection and swirl effect, the effect of gravity on the flow process is ignored. Laminar flow pattern was set (Re < 25). There is no boundary slip on the wall of the tubular reactor. Therefore, the governing equations in a steady state were written as follows, respectively [35,36].


  ∇ ⋅   ρ  u ⇀    = 0  



(5)






  ∇ ⋅   ρ  u ⇀   u ⇀    = − ∇ P + ∇ ⋅   μ   ∇ ⋅  u ⇀  + ∇ ⋅   u ⇀  T       



(6)






  ∇ ⋅   ρ  c p  T  u ⇀    = ∇ ⋅   λ ∇ T    



(7)






  ∇ ⋅   ρ  u ⇀   w i    = ∇ ⋅    D i  ∇  w i    + ρ  r i   



(8)




where wi (i = 0–5) is the mass fraction of protein, carbohydrate, lipid, water-soluble organics, biocrude and gas, respectively:


   w i  =    c i   / ρ   



(9)




where ci (i = 0–5) is the concentration of several components.



In Equations (5)–(8), the density of the algal slurry ρ is expressed as follows:


   1 ρ  =  1   ρ s    ω +  1   ρ f      1 − ω    



(10)




where ω is the mass fraction of dry microalgae (10 wt.%) in the slurry, ρs and ρf are the density of the dry microalgae (1324 kg/m3) and water (kg/m3) [37], respectively.


   ρ f  = 834.87 + 1.39 T − 0.00284  T 2   



(11)







In Equation (6), the viscosity μ (Pa·s) is expressed as follows:


  μ = K   γ ˙   n − 1    



(12)




where K is the consistency index of the algal slurry (8.6485 × 10−2 Pa·sn); n is the rheological index of the algal slurry (0.48).



In Equation (7), the specific heat capacity of the algal slurry cp (kJ·kg−1·K−1) is expressed as follows:


   c p  =  c  p , s   ω +  c  p , f     1 − ω    



(13)




where cp,s is the specific heat capacity of the microalgae powder (1.620 kJ·kg−1·K−1); cp,f is the specific heat capacity of the water [37]. According to Equation (13), the value of cp was set as 3.9186 kJ·kg−1·K−1 in this study.



In Equation (7), the thermal conductivity of the algal slurry λ (W·m−1·K−1) is set according to the reference [25].



In Equation (8), the diffusion coefficients of several components Di (i = 0–5) are 1 × 10−9 m2·s−1 [22]. Based on the HTL kinetics model of microalgae biomass (shown in Figure 2) [22], the reaction rates of all components in the slurry ri (i = 0–5) were calculated by Equations (14)–(19). Nannochloropsis sp. was selected as the studied species. The initial mass fractions of protein, carbohydrate and lipid of microalgae biomass were 5.6 wt.%, 1.3 wt.% and 2.0 wt.%, respectively [38].


   r 0  =   d  w 0   /  d t   = − (  k  1 p   +  k  2 p   )  w 0   



(14)






   r 1  =   d  w 1   /  d t   = − (  k  1 c   +  k  2 c   )  w 1   



(15)






   r 2  =   d  w 2   /  d t   = − (  k  1 l   +  k  2 l   )  w 2   



(16)






   r 3  =   d  w 3   /  d t   =  k  1 p    w 0  +  k  1 c    w 1  +  k  1 l    w 2  +  k 3   w 4  − (  k 4  +  k 5  )  w 3   



(17)






   r 4  =   d  w 4   /  d t   =  k  2 p    w 0  +  k  2 c    w 1  +  k  2 l    w 2  +  k 4   w 3  − (  k 3  +  k 6  )  w 4   



(18)






   r 5  =   d  w 5   /  d t   =  k 5   w 3  +  k 6   w 4   



(19)




where k0–k6 are reaction rate constants (s−1) [16]:


   k i  =  A i   e    − E a  /  R T      



(20)








2.3. Numerical Method


In the current simulation, a fluid region and a solid region were included in the numerical model (shown in Figure 3), and the grids of computational regions were created in GAMBIT. The solid region is the area of a circular tube, 3 grids were divided in the radial direction, 50 grids were divided in the circumferential direction and 3000 grids were divided in the radial direction. The fluid region is the area of algal slurry, which represents the cylindrical region of the tube channel except the static mixer. In it, 50 grids were divided in the circumferential direction, 28 grids were divided across the width (Dt) of the static mixer, 1 grid was divided across the thickness (δ) of the static mixer. In the fluid region, 4 progressively increasing hexahedral grids were set for calculating the physical field of velocity, temperature and concentration clearly. The first mesh size was set as 0.1 mm, and mesh size was increased by a multiple of 1.2. In the fluid region, the boundary layer region was divided by hexahedral mesh, and other region was divided by tetrahedral mesh. The total mesh number used in this study was 14,066,514.



In the current simulation, the computational software ANSYS FLUENT was utilized for solving this problem. The governing equations were discretized by the finite volume method (FVM). At a Peclet number of algal slurry between 1870 and 4523, the second-order upwind and central differencing schemes were used to approximate the convective and diffusion terms in the differential equation, respectively. The velocity–pressure coupled equation was solved in the collocated grid by using the SIMPLE algorithm. The residuals were detected to check the convergence. The residuals of the continuity equation and other equations were set as 10−3 and 10−6, respectively.



The flow resistance f is defined as follows:


  f =   2  d i    l ρ  u 2    Δ P  



(21)




where di is the inner diameter of the solar-driven tubular tube, l is the length of the solar-driven tubular reactor, ΔP is the differential pressure between the inlet and outlet of the solar-driven tubular reactor.



The Nusselt number Nu of the algal slurry in the solar-driven reactor is expressed as:


  N u =   h  d i   λ   



(22)




where h is the convective heat transfer coefficient (W·m−2·k−1):


  h =  Q  A Δ  T m     



(23)







Q is the heat flux (W):


  Q = m  c p     T  o u t   −  T  i n      



(24)







The mean temperature difference (ΔTm) between the inner wall of the reactor and algal slurry is expressed as follows:


  Δ  T m  =  T w  −  T f   



(25)




where Tw is the average temperature of the tube wall, Tf is the mean temperature of fluid in the solar-driven tubular reactor.



The heat transfer enhancement factor PEC is expressed as follows:


  PEC =         N u  /  N  u 0       /     f /   f 0           1 / 3     



(26)







The yields of the organics Yi are represented as follows:


   Y i  =    w  i , o u t   −  w  i , i n    ω   



(27)




where wi is the mean mass fraction of organics at the inlet and outlet of the tube.



The conversion rates of components are represented as follows:


   R i  =   ρ    w  i , o u t   −  w  i , i n        L /   u m       



(28)







The Reynolds number Re is defined as:


  R e =   ρ  u m   L H   / μ   



(29)




where LH is the hydraulic length:


   L H  =  d i  −   4  A D   / χ   



(30)









3. Results and Discussion


3.1. Grid Independence and Model Validation


The grid independence has been validated in the case of a solar-driven tubular reactor with a static mixer with a twist ratio of 4. The test case was set at the flow rate of 60 L/h and the direct solar radiation intensity of 750 W/m2. In Table 2, the convective heat transfer coefficient h, pressure drop ΔP and biocrude yield YBC have been compared under the same model with four meshes (7.6, 10.2, 14.1, 26.1 million). In addition, the detailed line grids are listed in Table 3.



The validated results show that all cases have a similar ΔP, whose ΔP error is below 1.06%. Comparing the h of No.1 and No.2 to No.3, the h errors were 41.88% and 15.05%. Additionally, the h error between the results of 7,642,715 grids and 10,239,632 grids is 5.65%, whose error was below 10%. The lowest biocrude yield YBC error was also calculated in the meshes between No.3 and No.4. Thus, the model with 14.1 million grids was selected in this simulation.



The reliability of the numerical results of flow resistance, heat transfer and HTL conversion were compared to experiment data. The flow resistance of microalgae in cold conditions obeys the Darcy friction factor [39,40]. The difference between the numerical data and theoretical value was under 10% (Figure 4A). The outlet temperature of algal slurry obtained by experimental data and numerical data was compared to validate the heat transfer. The calculated outlet temperatures of algal slurry in a plain solar-driven reactor were compared with experimental data at 40, 50 and 60 L/h [17], whose errors were 26%, 17.7% and 15%, respectively (Figure 4B). In addition, the reliability of the numerical procedure for simulating the HTL of algal biomass in a continuous reactor has been validated in a previous investigation [24]. The outlet concentration of biocrude obtained by experimental data and numerical data was compared to validate the products from the hydrothermal process.




3.2. Flow Resistance of Algal Slurry in the Reactor with Static Mixer


Figure 5A shows the friction factor of the algal slurry flow through the solar-driven reactor with various static mixers, whose twist ratio of the static swirls ranged from 0 to 10. The friction factor of the microalgae flow through the solar-driven reactor significantly decreased with the increasing Re from 5 to 25. At a certain Re, the friction factor of SM-3 was slightly higher than that of SM-6, SM-10 and SM-0. This phenomenon revealed that the friction-loss-inducing static mixer inserted in the solar-driven reactor was acceptable.



Figure 5B shows the pressure drop of the algal slurry in the solar-driven reactor with various static mixers. The pressure drop obviously increased with the increasing flow rate from 30 to 80 L/h. Thus, flow rate was a key influence factor on the pressure drop in the solar-driven reactor. Additionally, the pressure drop was decreased with the twist ratio from 3 to 10. For instance, the pressure drop in SM-3 (376 Pa) was 1.07, 1.09 times that in SM-6 and SM-10 at the flow rate of 60 L/h, respectively. The results indicated that the static mixer with low twist tape was able to induce a stronger swirling effect, promoting the pressure drop of the algal slurry flow through the solar-driven reactor. Contour plots of average velocity of the algal slurry in SM-0 and SM-3 at 60 L/h are shown in Figure 6.




3.3. Heat Transfer Enhancement of Algal Slurry by Static Mixer


Figure 7A shows that the Nu of the algal slurry increased with the increase in Re from 5 to 25. Particularly, the growth slope of Nu in the solar-driven reactor with a static mixer was obviously higher than that of the solar-driven reactor without a static mixer. For instance, the Nu increased from 2.04 to 2.72 with the Re from 5 to 25 in SM-0, while the Nu increased from 3.37 to 6.03 with the Re from 5 to 25 in SM-3. It indicated that the swirl effect induced by the static mixer was enhanced by the increasing flow rate. In addition, the Nu of the algal slurry in the solar-driven reactor decreased with the increasing twist ratio of the static mixer at a certain Re. For example, the Nu of SM-3, SM-6 and SM-10 were 6.03, 5.67 and 5.45 at the Re of 25, respectively.



Figure 7B shows the h increased with the increasing Re from 5 to 25. At a certain flow rate, the h of the solar-driven reactor with a static mixer was significantly higher than that of the solar-driven reactor without a static mixer. For example, the h of the algal slurry in SM-3 (97 W·m−2·K−1) was 2.06 times that of SM-0 (47 W·m−2·K−1) at the flow rate of 50 L/h. It indicated that the swirling effect induced by the static mixer obviously enhanced the heat transfer performance of the algal slurry in the solar-driven reactor, while the swirling effect was enhanced by the increased of flow rate. In addition, the maximum h was observed in the solar-driven reactor with SM-3. For example, the h in SM-3 (120 W·m−2·K−1) was 1.06 and 1.10 times that of SM-6 and SM-10 at 80 L/h, respectively.



Figure 8 shows the variation of comprehensive heat transfer performance (PEC) with the increasing Re. It can be observed that the PEC significantly increased when the Re increased from 5 to 25. For example, the PEC of SM-3 increased from 1.59 to 4.71, implying that the static mixer inserted in the solar-driven reactor has a desired effect in the heat transfer enhancement. Figure 9 shows temperature distribution of the algal slurry and in SM-0 and SM-3 at 60 L/h. The temperature distribution of the algal slurries in SM-3 was more uniform than that of SM-0. Therefore, the static mixer was regarded as ideal equipment to enhance the heat transfer in the solar-driven tubular reactor.




3.4. Effect of Swirl Flow Induced by Static Mixer on HTL of Microalgae Biomass


The static mixer installed in the solar-driven reactor not only promotes the heat transfer of algal slurry but also promotes the production of HTL products. Figure 10 shows the yield of water-soluble organics, biocrude and biogas by the solar-driven reactor in SM-0, SM-3 and SM-6, respectively. Compared to the yield of aqueous organics (21.4%) and biocrude (25.0%), the biogas yield (7.81 × 10−4%) was negligible.



Figure 11A shows the biocrude yield of the reaction fluid at the outlet section in SM-0, SM-3, SM-6 and SM-10 (30–70 L/h) and the direct solar radiation intensity of 750 W/m2. The biocrude yields in solar-driven reactors with static mixers were higher than that in SM-0. For example, the biocrude yield in SM-3 (25%) was 2.03 times that in SM-0 (12.3%) at the flow rate of 50 L/h. These results are attributed to the uniform temperature distribution and mass distribution in the solar-driven reactor, which was caused by the swirl effect, shown in Figure 9 and Figure 12. Figure 11B shows the formation rate of organics was promoted at the low flow rate. The maximum formation rate of biocrude (0.074 g·L−1·s−1) appeared in the flow rate of 50 L/h. It shows that the swirl effect promoted the production of HTL products in the region of low flow rate through the enhancement of heat transfer. And then, the reduction of temperature limited the production of HTL products in the region of high flow rate.




3.5. Effect of Solar Radiation on the HTL in Solar-Driven Reactor


Figure 13 shows the yields of water-soluble organics, biocrude and biogas by the solar-driven reactor at 650, 750 and 850 W/m2, respectively. Owing to the photothermal transformation, the yields of water-soluble organics and biocrude increased with the increase in direct solar radiation from 650 to 850 W/m2. The variations of the biocrude yield under various direct solar radiation levels (650, 750, 850 W/m2) have been shown in Figure 14A. Figure 14B shows the RBC increased with the direct solar radiation from 650 to 850 W/m2. The formation rate of biocrude at 850 W/m2 and 50 L/h (0.091 g·L−1·s−1) was 1.44 and 1.14 times that of 650 and 750 W/m2, respectively. At 750 and 850 W/m2, the optimal conversion rate of biocrude occurred at 50 L/h, whose values were 7.97 and 9.12 g·L−1·s−1, respectively. At 650 W/m2, the optimal formation rate was 7.33 g·L−1·s−1 at 40 L/h. This phenomenon indicated that high thermal energy input guaranteed the high formation rate of algal biomass in the solar-driven reactor.





4. Conclusions


In this investigation, the flow, heat transfer and HTL of algal slurry flow through a parabolic solar collector with static mixers (5 < Re < 25) were studied. A CFD model combining HTL kinetics and non-uniform heat boundary conditions was established. The static mixer in the solar-driven reactor can cause circumferential flow, significantly increasing the h from 47 to 97 W·m−2·K−1. The static mixer with the twist ratio of 3 (SM-3) had the highest PEC. In the solar-driven reactor, the aqueous organics and biocrude were the main products, and the production of biogas can be ignored. Particularly, the formation rate of organics was dependent on the outlet temperature and the uniformity of the temperature distribution. The RBC was firstly enhanced by the swirl effect and convective effect below 50 L/h but reduced by temperature at the higher flow rate.
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Nomenclature




	
Symbols




	
A

	
Heat transfer area (m2)




	
Ai

	
Arrhenius constant (s−1)




	
cp

	
Specific heat capacity (kJ·kg−1·K−1)




	
D

	
Diffusivities of all species (m2·s−1)




	
d

	
Diameter of tube (m)




	
Ea

	
Activation energy (kJ·mol−1)




	
f

	
Flow resistance




	
h

	
Convective heat transfer coefficient (W·m−2·K−1)




	
k

	
Reaction rate constant (s−1)




	
L

	
Length of the tube (m)




	
Nu

	
Nusselt number




	
P

	
Pressure (Pa)




	
Pe

	
Peclet number




	
PEC

	
Heat transfer enhancement factor




	
q

	
Heat flux (W/m2)




	
R

	
Gas constant (J·mol−1·K−1)




	
Ri

	
Conversion rate of organics (g·L−1·s−1)




	
Re

	
Reynolds number




	
r

	
Reaction rates of organics (g·L−1·s−1)




	
T

	
Temperature (K)




	
ΔTm

	
Mean temperature difference (K)




	
t

	
Residence time (s)




	
u

	
Velocity (m·s−1)




	
um

	
Average velocity (m·s−1)




	
w

	
Mass fraction of organics




	
Y

	
The yield of organics




	
x

	
X-direction distance of the tube (m)




	
y

	
Y-direction distance of the tube (m)




	
z

	
Axial position of the tube (m)




	
Greek symbols




	
ρ

	
Density (kg·m−3)




	
λ

	
Thermal conductivity (W·m−1·K−1)




	
μ

	
Viscosity (Pa·s)




	
ω

	
Mass fraction of microalgae biomass




	
γ

	
Shear rate (s−1)




	
Subscripts




	
BC

	
Biocrude




	
f

	
Liquid phase




	
i

	
Number of organics in HTL pathways




	
in

	
Inlet




	
out

	
Outlet




	
s

	
Solid phase




	
w

	
Tube wall
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Figure 1. Schemes of parabolic trough solar-driven reactor with static mixer. 
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Figure 2. Reaction pathways for HTL of microalgae biomass [38]. 
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Figure 3. Grid of the solar-driven reactor with static mixer in cross-section. 
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Figure 4. (A) Friction factor and (B) outlet temperature of algal slurry in a plain solar-driven reactor with various static mixers. 
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Figure 5. (A) Friction factor and (B) pressure drop of algal slurry in solar-driven reactor with various static mixers. 
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Figure 6. (A) Average velocity distribution of the algal slurry in (A) SM-0 and (B) SM-3 at 60 L/h. 
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Figure 7. (A) Nu and (B) h of algal slurry flow through solar-driven reactor with various static mixers. 
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Figure 8. Comprehensive heat transfer performance of solar-driven reactor with inserted static mixers. 
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Figure 9. Temperature distribution of the flow cross-section in (A) SM-0 and (B) SM-3 at 60 L/h. 
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Figure 10. The yield of water-soluble organics, biocrude and biogas in solar-driven reactor with different static mixers. 
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Figure 11. Effect of the static mixer on the (A) YBC and (B) RBC in solar-driven reactor. 
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Figure 12. Mass fraction distribution of the flow cross-section in (A) SM-0 and (B) SM-3 at 60 L/h. 
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Figure 13. The yield of water-soluble organics, biocrude and biogas in solar-driven reactor with different direct solar radiation levels. 
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Figure 14. Effect of solar radiation on the (A) YBC and (B) RBC in SM-3. 
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Table 1. Boundary conditions and the studied parameters.
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	Boundary Condition
	Value





	Flow rate at the inlet
	30, 40, 50, 60, 70, 80 L/h



	Mean temperature at the inlet
	300 K



	Pressure at the outlet
	20 MPa



	Direct solar radiation intensity
	650, 750 and 850 W/m2



	Heat flux at the wall
	Equation (1), Equation (2), Equation (3)



	Studied parameters
	f, Nu, PEC, Re, yield of water-soluble organics, biocrude, biogas, formation rate of biocrude










 





Table 2. Grid independence of research models.
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	Grid Number
	ΔP

(Pa)
	ΔP Error

(%)
	h (W·m−2·k−1)
	h Error (%)
	YBC
	YBC Error (%)





	7642715
	358.2
	−1.06%
	150.8
	41.88%
	14.7%
	−15.84%



	10239632
	361.0
	−0.28%
	122.3
	15.05%
	16.2%
	−7.23%



	14066514
	362.0
	Baseline
	106.3
	Baseline
	17.4%
	Baseline



	26082444
	363.5
	0.42%
	112.3
	5.65%
	18.5%
	6.29%










 





Table 3. Grid meshing of lines in the model of solar-driven tubular reactor.
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	Mesh
	l
	C
	δ
	Dt





	No.1 (7,642,715)
	2000
	40
	1
	20



	No.2 (10,239,632)
	2400
	50
	1
	28



	No.3 (14,066,514)
	3000
	50
	1
	28



	No.4 (26,082,444)
	4000
	60
	1
	28
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