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Abstract

:

Waste heat recovery from flue gas based on water vapor condensation is an important issue as the waste heat recovery significantly increases the efficiency of the thermal power units. General principles for designing of this type of heat exchangers are known rather well; however, investigations of the local characteristics necessary for the optimization of those heat exchangers are very limited. Investigations of water vapor condensation from biofuel flue gas in the model of a vertical condensing heat exchanger were performed without and with water injection into a calorimetric tube. During the base-case investigations, no water was injected into the calorimetric tube. The results showed that the humidity and the temperature of inlet flue gas have a significant effect on the local and average heat transfer. For some regimes, the initial part of the condensing heat exchanger was not effective in terms of heat transfer because there the flue gas was cooled by convection until its temperature reached the dew point temperature. The results also showed that, at higher Reynolds numbers, there was an increase in the length of the convection prevailing region. After that region, a sudden increase was observed in heat transfer due to water vapor condensation.






Keywords:


waste heat; condensation; experiments; vertical tube; biofuel flue gas; local heat transfer; condensation efficiency












1. Introduction


The water vapor condensation process is important for many industrial applications, such as nuclear, chemical, and thermal. To increase the efficiency of thermal power and boiler stations, they are equipped with condensing heat exchangers (economizers). The design of condensing heat exchangers depends on the power required [1]. Despite of that, most condensing heat exchangers have housing where a few hundreds of small diameter tubes are installed and the relative length x/d of these tubes could be more than 150. The flue gas from the boiler is routed to these tubes, cooling water flows around them, and a counter-current flow arrangement is usually used.



As the flue gas leaving the boiler is still of high temperature and humidity, especially when incinerating biofuel, there is a possibility to gain additional heat and increase the efficiency of boiler stations by condensing water vapor from flue gas in condensing heat exchangers. When the dew point is reached, water vapor from flue gas starts to condensate. The condensation process generates an additional amount of heat, which is usually used to heat the return water from consumers. Besides, when the condensate film flows down the condenser tubes, it precipitates various solid particles from the flue gas that are the most significant source of environmental pollution, especially when incinerating biofuels [2,3]. Although the efficiency of boilers is usually less than 100%, it can be increased by installing condensing heat exchangers in boilers, as condensing heat exchangers can get additional amount of heat from the same amount of burned fuel [4,5].



Despite the fact that the general principles for the designing of this type of heat exchangers are known, not much knowledge is acquired of processes taking place in condensing heat exchangers and peculiarities of these processes in the case of flue gas. The review of publications showed that there are many experimental and theoretical studies related to pure water vapor condensation in tubes at a high condensable gas-water vapor content (90–100%, by volume) and small amount of non-condensable gas [6,7,8,9,10], etc. The investigations in Reference [11] of average condensation heat transfer with the steam flow rate of 2.5–5.5 g/s and non-condensable gas mass fraction from 0% to 10% in a vertical tube, whose active length of condensation was x/d ≈ 38, demonstrated that condensation heat transfer decreases with the increase of the non-condensable gas fraction. The analysis of pressure influence also showed that, in the case of pressure decrease in the system, the obtained heat due to the condensation process also decreased. The calculated average condensation heat transfer coefficient at various experimental conditions (system pressure and inlet non-condensable gas mass fraction at inlet) varied from 3 to 10 kW/m2·K.



The local condensation heat transfer of pure steam and a steam–nitrogen mixture in a vertical tube was investigated in Reference [12]. The investigations were performed in a relatively long vertical test section (x/d ≈ 230) with the measurements of the cooling water temperature, bulk steam temperature and tube wall temperature along the test section. The steam and the cooling water supply was performed in a counter-current configuration. The steam was supplied from the upper part of the test section. When the pure steam was supplied to the test section at a flow rate of about 11.2 kg/h, the bulk steam temperature was constant (about 100 °C) almost till the middle of the condenser tube, i.e., up to x/d ≈ 107, which indicated that condensation is taking place in that part of the test section. When x/d was in the range from 107 to 162, a sudden decrease in the bulk temperature to about 17 °C was observed. From x/d ≈ 162 until the end of the test section, the bulk temperature was almost constant. The bulk temperature breakdown at x/d ≈ 107 means that, after that point, all the vapor was condensed and there was a single phase only, i.e., condensed water flowing in the tube. The character of the cooling water temperature was not so evidently expressed as that of the bulk steam temperature. The cooling water (flow rate 290 kg/h) temperature (at the inlet of about 17 °C) was changing insignificantly from the end of the test section until about x/d ≈ 107. From x/d ≈ 107 until the beginning of the test section, the cooling water temperature was increasing and reached almost 40 °C. The obtained character of the water temperature clearly indicated when the water was gaining heat due to steam condensation. With the increase of non-condensable gas mass fraction up to 10.2%, the bulk steam temperature drop was not so evidently expressed as in the case with pure steam. In this case, also, the decrease from about 100 °C at x/d ≈ 107 was observed, and the temperature was continuously decreasing until the end of the test section, where it was about 60 °C. Along all the test section, two-phase flow was observed, as not all the steam was condensed, as in the case before. The cooling water temperature was negligibly increasing from ≈17 to ≈20 °C from the end of the test section until about x/d ≈ 107. From x/d ≈ 107 until the beginning of the test section, the increase was better expressed, meaning that the cooling water was heated from ≈20 to ≈40 °C. The analysis of the local condensation heat transfer showed that the increase of the non-condensable gas mass fraction significantly decreased the local condensation heat transfer. However, this was true until x/d ≈ 65, and further from that point, the change of non-condensable gas mass fraction at the inlet from 3% to 30% practically had no influence on heat transfer.



The results presented in papers [11,12] also generally reflect the main aspects occurring in vertical heat exchangers in the case of pure steam or steam condensation with small amount of non-condensable gas. The main conclusions determined in these works are that, in the case of pure steam, the condensation occurs almost in the initial part of the experimental section and it results in very high heat and mass transfer rates.



When incinerating biofuel or other fuels, the flue gas usually contains a relatively small amount (~5–25% vol.) of water vapor and the remaining portion consisting of non-condensable gas is high. Thus, in the case of flue gas, the situation is different in comparison to that presented in References [11,12].



The condensation of flue gas generated by incinerating natural gas was studied in Reference [13]. The experiments were performed in a rather short vertical tube x/d ≈ 80, with inlet water vapor volume fraction of 15–18%. The Reynolds number for flue gas during the experiments was varied from 2300 to 5000. The results indicated that the water vapor in the flue gas increased the average total heat transfer at least by about two times in comparison with dry air in the same range of Reynolds numbers. The ratio between sensible (by convection) and latent (by condensation) heat transfer increases with the cooling wall temperature decrease. The decrease of wall temperature of about 1.3 times, i.e., from about 49 to 38 °C, leads to the total heat transfer increase of almost up to 1.8 times. During the experiments, the average total Nusselt number for different cooling wall temperatures and Re numbers was in the range between 20 and 70. Wall temperature is also an important factor in terms of the condensing rate. It was determined that, in a certain wall temperature range (49–38 °C), the condensate mass flow rate increases by about three times, i.e., from ≈0.25 to ≈0.7 kg/(m2·s).



Most of researchers do not use real flue gas but usually simulate them as an air-vapor mixture. The air-vapor mixture was used for the analysis of heat and mass transfer in rather a short vertical tube of x/d ≈ 70 in Reference [14]. The cooling agent in this study was air with the inlet temperature of 20 °C. The volumetric water vapor fraction during the experiment with condensation was about 17% and without condensation—about 1% without condensation. The flue gas temperature measured in the center of the test section for the case without condensation showed a decrease of about 12 °C from the inlet temperature, while for the case with condensation, the decrease observed was about 5 °C along the test section. Although during the experiments only 30% of water vapor was condensed, the average total heat transfer was almost two times higher in comparison with the experiments without condensation.



Results related to condensation of simulated flue gases in a vertical annulus, whose test section was about x/d = 32, were presented in Reference [15]. At the inlet, the water-vapor mass fraction was in the range from 5% to 12%, and the Reynolds number was Re = 4600–14,000. When the vapor mass fraction was 5%, the condensation rate was between 0.2 and 0.6 kg/h. When the vapor mass fraction was increased to 12%, the condensation rate was from 1 to 2.8 kg/h for the mentioned Reynolds number range. The measured wall temperature for all the experiments was gradually and almost linearly decreasing along the test section. The average condensation heat transfer coefficient for Re = 4600 and for water vapor fraction of 5% was determined to be almost the same as the sensible heat transfer coefficient. When the water vapor fraction was 12%, the average condensation heat transfer coefficient for the same Re number was about five times higher in comparison with the sensible heat transfer coefficient. In general, the average condensation heat transfer was more effective when the inlet vapor mass fraction and the Re number were increased.



Other theoretical and experimental investigations also confirm that condensation of water vapor from flue gas has a noticeable impact on heat transfer [16,17], etc.



Therefore, the literature review shows that there is a very broad topic to study: local heat-transfer processes in flue gas condensers, using real flue gas from boilers in the real range of their operational parameters, with a relatively small amount of water vapor (~5–25% vol.).



The current investigations of water vapor condensation from biofuel flue gas in a model of the vertical condensing heat exchanger (a long tube with x/d ≈ 170) were performed with and without injection of water into the calorimetric tube. This paper presents the base case experimental results without injection of water at the inlet to the calorimetric tube, analyzing temperature and local total heat transfer variations along the mentioned model (vertical tube) of the condensing heat exchanger.




2. Experimental Setup


The experimental setup used for the investigations of water vapor condensation from flue gas is presented in Figure 1. Flue gas was generated by incinerating wood pellets in a class 3 (according to EN303-5:2012) automatic boiler Kostrzewa (Poland, Gizycko). The boiler’s power (maximum 50 kW) can be adjusted in the range from 50% to 100%. Generated flue gas with the temperature of about 180–190 °C (at the exit from the boiler) was directed to the experimental section. For flue gas temperature regulation, the boiler’s power and the economizer of the boiler were used.



The flue gas flow rate was adjusted by the valves. Then the flue gas flew inside the vertical calorimetric tube and was directed to the flue gas pipe (chimney) and discharged into the environment.



The test section was made of stainless steel. It was composed of an internal calorimetric tube (length x ≈ 5.8 m, inner diameter d = 0.034 m, wall thickness δ = 2 mm, x/d ≈ 170), where condensation on the internal surface takes place, and of an outer tube (length x ≈ 5.9 m, inner diameter D = 0.108 m) with cooling water. The experimental section as well as the flue gas pipe (chimney) was insulated by using 5 cm thickness Rockwool insulation.



For cooling of the calorimetric tube, distilled water was supplied to the space between the inner and the outer tubes from the storage tank, using a water pump. The weighting method was used to measure the water flow rate, which was then adjusted by regulating a corresponding valve. Before entering the experimental section, water was mixed in a water mixer to have a uniform temperature. When leaving the experimental section, the water was also mixed in the same type of a water mixer. After the mixer, the water passed the heat exchanger (air–water) to cool down and then was directed back to the water tank.



The water condensed on the calorimetric tube inner wall was drained into the condensate collection tank.




3. Methodology


The investigations were performed at different temperatures of flue gas and at two humidity levels of flue gas at the inlet to the calorimetric tube. The mass fraction of water vapor was about 7% in flue gas when biofuel pellets were incinerated in the boiler. When hot water was additionally sprayed into the furnace of the boiler with the purpose to simulate the incineration of more humid biofuel, the water-vapor mass fraction increased till about 17%.



Temperature measurements were carried out by using calibrated chromel–copel thermocouples (wire diameter 0.2 mm, accuracy ± 0.3%) directly connected to the data-acquisition system:




	
Twenty thermocouples were installed in the center of the calorimetric tube (tc) to measure the flue gas temperature along the tube. The distance between the thermocouples was approximately 0.28 m.



	
Twenty thermocouples were installed at the inner wall of the calorimetric tube (tw) along the length of the tube. The distance between the thermocouples was approximately 0.28 m.



	
Ten thermocouples were installed between the inner and the outer tubes to measure the cooling water temperature (tcw) along the space between the tubes. The distance between the thermocouples was approximately 0.56 m.



	
Three thermocouples were installed in each of the water mixers to measure cooling water temperatures at the inlet and the outlet of the test section.








More detailed information is provided in the Table 1.



During the experiments, all thermocouple readings were collected by using the Keithley automatic data acquisition system (accuracy ± 0.25%).



The parameters of the boiler (flue gas temperature, supply and return water temperature, chimney draft) were automatically registered every 5 min, using the KD7 data recording system. The flue gas temperature (tin, °C) and the relative humidity (RHin, %) at the inlet to the experimental section were measured with a KIMO C310 (Switzerland) temperature and humidity sensor. The accuracy for RHin measurement is ±0.88% and for temperature ± 0.3%. The sensor was installed about 25 cm above the calorimetric tube. The inlet flue gas velocity (for determination of the flow rate) was measured by using a bellmouth with installed Pitot–Prandtl tubes, which were connected to the micromanometer (accuracy ± 1.5%). The flow rate of cooling water during the experiments was approximately ≈ 33 kg/h.



Before the experiments, the humidity of the biofuel pellets was measured by using a biofuel moisture meter BIO-1 (Poland), which has the accuracy of ±1.5%. The measured humidity was low (when it is lower than 8%, the biofuel moisture meter indicates the humidity value as “low”).



In the formulas presented further, all the properties (cp, λ, etc.) of the gas, i.e., the mixture of flue gas and water vapor, were calculated by using formulas for mixture properties calculation [18]. The calculation of the properties is based on flow temperature measured in the center of the calorimetric tube.



The local (represented by index, i, in formulas further) total (convection and condensation) heat transfer coefficient and the Nusselt number were calculated in 20 positions along the tube where flow temperature in the center of the tube and inner wall temperatures were measured.



Total local heat flux was obtained as follows:


   q   t i    =    m  H 2  O i    ·  c  p H 2  O i      π · d   ·   d  t  H 2  O i      d x   ,  



(1)




where mH2O is inlet mass flow rate of the cooling water, kg/s; cpH2O is specific heat of the water, kJ/kg·°C; d is the inner diameter of the calorimetric tube, m; dtH2O/dx is the slope of the cooling water temperature gradient, which was determined as the least squares polynomial fit of the coolant temperature as a function of the length of the heat exchanger model.



The local total heat transfer coefficient was calculated as follows:


   α   t i    =  q   t i    /   (  t c  −  t w  )  i  ,  



(2)




where tc is the temperature measured in the center of the calorimetric tube, °C; tw is the measured inner wall temperature of the calorimetric tube, °C.



The total Nusselt number:


  N  u   t i    =  α   t i    · d /  λ i   



(3)







To evaluate the performance of the heat exchanger, the condensation efficiency (%) parameter was used [19]. This parameter was calculated as follows:


   n  c d   =    m  c d      m  H 2  O  i n       · 100 ,  



(4)




where mcd is the condensate mass flow rate, kg/s; mH2Oin is the water vapor (in flue gas) inlet flow rate, kg/s. The condensate flow rate was calculated based on the condensate level increase in the condensate collection tank and time during which the condensate was collected.



The accuracy of the data was evaluated by using the methodology presented in Reference [20]. The highest uncertainties are at the end of the tube, where the temperature difference between flue gas and tube wall is the smallest. For the Nusselt number, this uncertainty is 6–14%.




4. Results Analysis


As it has been indicated earlier, the experiments were carried out at different temperatures and for two humidity levels of flue gas at the inlet to the calorimetric tube. During the incineration of biofuel pallets in the boiler, the mass fraction of water vapor in flue gas was about 7%. When hot water (about 70 °C) was additionally sprayed into the furnace of the boiler, the water-vapor mass fraction increased until about 17%.



4.1. Water-Vapor Mass Fraction 7%


Figure 2 presents some typical distributions of temperatures along the tube (the model of the condensing heat exchanger) at different Reynolds inlet numbers (Rein), different inlet flue gas temperatures and an almost constant condensable gas (water vapor) mass fraction mcd ≈ 7% when no water was sprayed into the furnace of the boiler. The dew point temperature at the inlet to the test section for the presented cases was in the range of 46–49 °C and was calculated based on measured RHin and tin and using equations presented in Reference [21]. The inlet cooling water temperature was in the range of 25–27 °C.



It is known that, when the condenser wall temperature from the flue gas flow side is lower than the dew point temperature, water vapor starts to condensate on the wall of the calorimetric tube. If the temperature of the flue gas in the center of the calorimetric tube reaches the dew point temperature, water vapor should start to condense in all its volume.



For the case presented in Figure 2a, the wall temperature (curve 2) is below the dew point temperature. Hence, from the inlet to the tube the condensation on the wall is going on. In other cases (Figure 2b–d), the wall temperature near the flue gas inlet is very close to the dew point temperature or even slightly exceeds it. Therefore, condensation cannot start on the wall from the very beginning of the tube, or it is very week. The decrease of the flow temperature in the center of the tube indicates the cooling of the flow. Due to this, almost a linear decrease in the temperature of the flue gas is observed initially (Figure 2, curve 1) until the temperature reaches the dew point temperature. Therefore, flow cooling by convection is prevailing in this part.



Figure 2 shows that, with an increase in Rein, the part of the calorimetric tube where convection is prevailing extends. When Rein ≈ 11,800 convection is prevailing region is observed from the beginning of the calorimetric tube until x/d ≈ 30–40 (Figure 2a,b). For the cases when Rein was increased to 23,000 (Figure 2b,c), it has extended further, i.e., until x/d ≈ 60–70.



After a linear decrease in the flue gas temperature, some regions with temperature fluctuations occurs. At lower Rein and at higher Rein (Figure 2b,c), these temperature fluctuations are not clearly expressed. Clearly expressed flue gas temperature fluctuations were observed at Rein when the flue gas inlet temperature was about 95 °C (Figure 2d), just before the flue gas temperature in the center of the calorimetric tube reached the dew point temperature. It is possible that these fluctuations show fog formation in the total cross-section of the calorimetric tube. As the fog forms in the total cross-section of the tube, it is likely that the formed water droplets splash thermocouple and due to this, a local temperature fluctuation with some minimum of flue gas temperature was determined; however, more investigations are needed to understand this process.



When the flue gas temperature in the whole cross-section reaches the dew point temperature, the character of flue gas temperature in the center of the tube changes and the temperature decrease is much slower. This indicates that the condensation process dominates, but it is not as intensive as in the case of pure water vapor condensation when the temperature of the flow along the tube does not change as it was presented in References [12,18].



The higher was the inlet flue gas temperature, the higher the calorimetric tube wall temperature was observed. The variation of the calorimetric tube wall temperature for all the analyzed cases is practically similar to the variation of the cooling water temperature. The cooling water temperature increases faster at the beginning of the water inlet (x/d ≈ 170–140) where condensation of water vapor prevails. This is more clearly expressed in the case of a higher inlet flue gas temperature and a higher Reynolds number (Rein ≈ 23,000) (Figure 2d, curve 4).



Variation in the total Nusselt number with the Rein number at different inlet flue gas temperatures is shown in Figure 3. For a lower Rein number (Figure 3a, Rein≈ 11,800), the total Nusselt number is rather high even at the beginning of the calorimetric tube. This is related to the fact that the calorimetric tube wall temperature is low in comparison with the dew point temperature (Figure 2a), and due to this temperature difference, the favorable conditions for condensation are created. Further on, in the case of a lower flue gas inlet temperature (Figure 2a), heat transfer reaches the maximum value of Nut ≈ 95 at about x/d ≈ 100 and then starts to decrease (Figure 3a). At the end of the calorimetric tube, the Nusselt number is even slightly lower than it was at the beginning. This could be related to the fact that the condensation influence on heat transfer became less strong as some amount of water vapor had already been condensed and temperature differences were rather small.



When the flue gas inlet temperature is increased (Figure 3a), the total heat transfer increases more rapidly in comparison with the case before. The increase is observed even until x/d ≈ 120 and after that, some stabilization of heat transfer occurs. This could be related to an almost constant difference between the flue gas temperature and the tube wall temperature. In any case, the maximum value of Nut ≈ 200 is almost twice higher than it was determined at a lower flue gas inlet temperature.



At higher Rein numbers (Figure 3b), the heat transfer at the beginning of the calorimetric tube is slightly lower in comparison with the lower Rein number discussed earlier. In case of higher Rein numbers, the tube wall temperature is very close to the dew point temperature or slightly higher at the beginning of the calorimetric tube (Figure 2c,d), and therefore condensation cannot occur from the very beginning of the calorimetric tube or it is very week.



At Rein ≈ 23,000 for both inlet flue gas temperatures (Figure 2c,d), the heat transfer increases rather intensively with the distance of the tube (Figure 3b). For the lower inlet flue gas temperature, the heat transfer constantly increases until the end of the tube. For the higher inlet flue gas temperature, three zones of the Nut variation can be distinguished: the first one is from the beginning of the tube, where the heat transfer gradually increases until about x/d ≈ 50, the second one is from x/d > 50, when a rather sharp increase of heat transfer is observed, and the third one from x/d of about 110 when Nut starts to stabilize. Such intensification of heat transfer could be related with prevailing of the condensation due to a decrease in the flow temperature in whole cross-section below the dew point temperature.




4.2. Water-Vapor Mass Fraction 17%


In order to increase moisture content in the flue gas and to reveal differences in temperature variations and heat transfer in comparison with the previous case, hot water was sprayed into the furnace of the boiler, but the Rein numbers were kept almost the same.



The dew point temperature at the inlet to the test section for the presented cases was in the range of 58–67 °C, and it was calculated based on the measurements of the RHin and tin and using equations presented in Reference [21]. The inlet cooling water temperature was in the range of 26–29 °C.



It can be seen (Figure 4a) that the tube wall temperature is close but still below the dew point temperature at the inlet to the tube.



This means that condensation on the wall takes place from the very beginning of the tube. In other cases (Figure 4b–d) at x/d until 50–80, the tube wall temperature exceeds the dew point temperature. Therefore, no condensation occurs in these regions and the flow is cooled due to convection. It must be stressed that, for a higher Rein number and a higher inlet temperature (Figure 4d), this region extended to a higher x/d value, until about x/d ≈ 80.



The variations in the tube wall temperature and in the cooling water temperature (Figure 4) are rather similar. However, comparing the current cases with the results presented in Figure 2, it can be seen that the cooling water temperature increases much faster from the water inlet (x/d ≈ 170) until a certain point in the test section. The increase in the cooling water temperature is very well expressed till the points where the condensation begins, and this results in a water temperature increase by about 22–24 °C when Rein ≈ 11,800 (Figure 4a,b) or even more, i.e., by about 22–27 °C when Rein ≈ 20,200 (Figure 4c,d). Further, until the cooling water exits the test section (at x/d = 0), the increase in its temperature is much modest, i.e., by about 7–8 °C.



The regions of prevailing convection and condensation are very clearly demonstrated by the total Nusselt number variation along the tube (Figure 5). At the beginning of the calorimetric tube, the Nut for a lower Rein number and a lower inlet flue gas temperature (Figure 5a) is slightly higher in comparison to that at a higher inlet flue gas temperature. The condensation heat transfer in the first case and the convection heat transfer in the second one could explain such a difference, as it was indicated above. For the first case, with the further distance the heat transfer increase is noticed until it reaches the maximum value of about Nut = 200, and then, as in the case for a lower condensable gas mass fraction (Figure 3a), the heat transfer starts to decrease, likely for the reasons already discussed in previous sections. For the case with a higher inlet flue gas temperature, the heat transfer gradually increases from the beginning of the tube until about x/d ≈ 50. Then a sharp increase follows due to a condensation occurrence in almost all the volume of the calorimetric tube (Figure 4b, see curve 1). Later it starts to stabilize and stays in the range of Nut≈ 375–425 in the remaining part of the calorimetric tube.



When Rein is higher (Figure 5b) and the flue gas temperature is lower, the convection heat transfer extends until x/d ≈ 60. After that, the heat transfer increases rather steeply due to the condensation of water vapor and at x/d ≈ 110 reaches the maximum value of Nut ≈ 600. After that, some variation could be observed. At a higher inlet flue gas temperature, the convection heat transfer is almost constant until x/d ≈ 80. After that, a sharp increase is noticed in the heat transfer due to water vapor condensation, which reaches the maximum value of Nut ≈ 1000 at x/d ≈ 130, and further, as in the case before, some variation is observed.



In general, the results presented in Figure 5 show that, in the case of high Rein numbers, almost half of the calorimetric tube of the heat exchanger (the model of the economizer), where heat from flue gas is recovered by convection, would be used inefficiently in terms of the heat transfer process.




4.3. Comparison of the Results for Different Water-Vapor Mass Fractions


The influence of the water-vapor mass fraction on the total local heat transfer at a constant Rein number and a high inlet flue gas temperature was also analyzed. The results in Figure 6 show that the increase in the water-vapor mass fraction from ≈ 7% to ≈ 17% has a significant impact on heat transfer.



For the case with the smaller Rein number (Figure 6a), the increase in the water-vapor mass fraction resulted in an increase in the total heat-transfer peak value by about 2.2 times till about 450 and for the higher Rein number (Figure 6b) by about 3.4 times, till about 1000. The results presented in Figure 6 indicate that, the higher the Rein number, the longer the part of the model of the condensing heat exchanger that is inefficiently used for heat transfer due to convection in a larger inlet part of it.



The analysis showed that, in the case of water-vapor mass fraction ≈ 7% as the inlet water vapor flow rate was from ≈ 1.7 to ≈ 3.1 kg/h, the total condensate flow rate was also small and the condensation efficiency was in the range between ≈ 15% and 26%. When the condensable gas mass fraction was increased to ≈ 17 %, the inlet water vapor flow rate was almost two times higher and the total condensate flow rate was also about two times higher in comparison with the previous case. Due to this, the condensation efficiency was about 2.3–2.5 times higher and was in the range between ≈ 39% and 56%.





5. Conclusions


After performing the analysis of the local water vapor condensation from biofuel flue gas along the model of the condensing heat exchanger (vertical tube) at different water-vapor mass fractions, Rein numbers, and inlet flue gas temperatures, the following conclusions were drawn:




	
Performed analysis revealed the influence of inlet parameters on heat transfer processes occurring in condensing heat exchangers.



	
The investigations of the local heat transfer along the tube (the model of the condensing heat exchanger) provided important findings related to the optimization of the operation of heat exchangers of such type.



	
The investigations showed that, in some cases in the initial part of the condensing heat exchanger model, the heat from flue gas is recovered by convection. Only after that, a sharp increase is noticed in heat transfer due to water vapor condensation.



	
The analysis showed that, in the case of water-vapor mass fraction ≈ 7%, the condensation efficiency was in the range between ≈ 15% and 26%. When the condensable gas mass fraction was increased until ≈ 17%, the condensation efficiency was in the range between ≈ 39% and 56%.



	
To use the condensing heat exchangers efficiently, there is a need to adjust certain flue gas flow rate, temperature and humidity and other parameters in such a way that the condensation of water vapor would be from the beginning of the condensing heat exchanger.
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Figure 1. Experimental setup (not to scale): (1) boiler; (2) flue gas pipe; (3) heat exchanger (fan coil); (4) flue gas exhauster; (5) by-pass pipe; (6) damper; (7) inlet flue gas flow rate, temperature, and humidity measurement point; (8) water mixer; (9) vertical calorimetric tube as model of flue gas condensing heat exchanger (economizer); (10) water tank; (11) water pump; and (12) condensate collection tank. 
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Figure 2. Temperature variation along the model of the condensing heat exchanger at a constant inlet water-vapor mass fraction of approximately 7% and at different flue gas inlet temperatures (a) Rein ≈ 11,800, tin ≈ 58 °C, (b), Rein ≈ 11,800, tin≈ 100 °C, (c) Rein ≈ 23,000, tin≈ 85 °C (d) Rein ≈ 23,000, tin≈ 95 °C (1) center of the calorimetric tube, (2) inner wall of the calorimetric tube, (3) cooling water in the middle between inner and outer tubes, and (4) dew point temperature at the inlet to the calorimetric tube. 
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Figure 3. Variation of the total Nusselt number along the model of the condensing heat exchanger at a constant inlet water-vapor mass fraction of approximately 7%, different flue gas inlet temperatures and Reynolds numbers: (a) Rein ≈ 11,800, tin ≈ 58 °C and tin ≈ 100 °C, (b) Rein ≈ 23,000, tin ≈ 85 °C and tin ≈ 95 °C 






Figure 3. Variation of the total Nusselt number along the model of the condensing heat exchanger at a constant inlet water-vapor mass fraction of approximately 7%, different flue gas inlet temperatures and Reynolds numbers: (a) Rein ≈ 11,800, tin ≈ 58 °C and tin ≈ 100 °C, (b) Rein ≈ 23,000, tin ≈ 85 °C and tin ≈ 95 °C



[image: Processes 09 00844 g003]







[image: Processes 09 00844 g004a 550][image: Processes 09 00844 g004b 550] 





Figure 4. Temperature variation along the model of the condensing heat exchanger at a constant inlet water-vapor mass fraction of approximately 17% and different flue gas inlet temperatures (a) Rein ≈ 11,800, tin ≈ 95 °C, (b) Rein ≈ 11,800, tin ≈ 107 °C, (c) Rein ≈ 20,200, tin ≈ 97 °C (d) Rein ≈ 20,200, tin ≈ 110 °C. (1) center of calorimetric tube, (2) inner wall of the calorimetric tube, (3) cooling water in the gap between the inner and the outer tubes, and (4) dew point temperature at the inlet to the calorimetric tube. 
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Figure 5. Distribution of the total Nusselt number along the model of the condensing heat exchanger at a constant inlet water-vapor gas mass fraction of approximately 17% and different flue gas inlet temperatures and Reynolds numbers: (a) Rein ≈ 11,800, tin ≈ 95 °C and tin ≈ 107 °C, (b) Rein ≈ 20,200, tin ≈ 97 °C and tin ≈ 110 °C. 
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Figure 6. Variation of the total Nusselt number along the model of the condensing heat exchanger at a different water-vapor mass fraction but a constant Rein (a) Rein ≈ 11,800, (b) Rein ≈ 20,200: (1) mcd in ≈ 7% and (2) mcd in ≈ 17%. 
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Table 1. Distribution of temperature measurement points.






Table 1. Distribution of temperature measurement points.





	Temperature
	x/d





	tc
	7.2; 15.4; 23.7; 31.9; 40.1; 48.4; 56.6; 64.9; 73.1; 81.3; 89.6; 97.8; 106.0; 114.3; 122.5; 130.7; 139.0; 147.2; 155.4; 163.7.



	tw
	7.2; 23.7; 40.1; 56.6; 73.1; 89.6; 106.0; 122.5; 139.0; 155.4.



	tcw
	7.2; 15.4; 23.7; 31.9; 40.1; 48.4; 56.6; 64.9; 73.1; 81.3; 89.6; 97.8; 106.0; 114.3; 122.5; 130.7; 139.0; 147.2; 155.4; 163.7.
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