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Abstract

:

China is actively promoting ocean territory construction, and how to design low-energy buildings to fit the unique climate of tropical island regions has received much attention. The heat transfer coefficient of a building external surface plays a vital role in calculating air-conditioning load accurately. To obtain reasonable heat transfer coefficients in the tropical island region, this study introduced a naphthalene sublimation experiment to conduct full-scale measurements on convective heat transfer coefficients (CHTCs) in the tropical island region, and proposed a simplified calculation model of evaporative heat transfer coefficients (EHTCs). Results indicated that the function expression between CHTC and wind speed was CHTC = 5.56 + 4.48u (R2 = 0.94), and it was validated to be reliable. Furthermore, compared with CHTCs and radiation heat transfer coefficients (RHTCs), the EHTC had a wider changing range, owing to rainfall effects. Moreover, whether evaporation was considered or not, the difference of total heat transfer coefficients (THTCs) on building external surfaces was 5.2 W/(m2·K) for the whole year, so evaporation cannot be ignored directly. Additionally, THTCs with consideration of evaporation in winter and summer were 33.4 W/(m2·K) and 38.9 W/(m2·K) severally, which are much larger than the recommended values in the Chinese standard. This study would make up for the lack of surface heat transfer coefficients in energy conservation design of tropical island buildings.
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1. Introduction


During the past 50 years, tropical island building construction in the South China Sea has been faced with two problems: Extremely scarce conventional building materials and very difficult energy supply. Nowadays, China is energetically advocating the strategy of land–sea integration and promoting ocean territory construction. Thus, studying building energy conservation in tropical island regions is urgently imperative [1,2,3]. However, on the one hand, compared with the Chinese inland area, the climate in the tropical island region situated in the South China Sea is exceedingly different, reflected in high temperatures, high humidity, intense radiation, high wind speeds, and strong rainfall etc. On the other hand, the current energy efficiency design standard performed in China is aimed at inland climates. Therefore, some design parameters in the current standard are not applicable for tropical island regions.



Heat transfer coefficients of building external surfaces play a vitally important role in estimating building thermal load accurately, and some research has shown that the predicted energy loss might change from 20% to 40% depending on different values of the convective heat transfer coefficient (CHTC) in the literature [4], and a 15% uncertainty in CHTC can bring about a corresponding 15%–20% uncertainty of heat flow through building envelope [5]. However, the current national code [6] has certain limitations on the regulation of heat transfer coefficients. Firstly, the total heat transfer coefficient (THTC) of a building external surface is stipulated as a constant, for example, 23.0 W/(m2·K) in winter and 19.0 W/(m2·K) in summer. Secondly, the THTC only includes two parts: CHTC and radiation heat transfer coefficient (RHTC). Envelope surfaces are assumed to be dry all the time and the evaporative heat transfer coefficient of a building external surface (EHTC) is ignored. Based on the analysis above, it is extremely necessary to survey the reasonable values of heat transfer coefficients, making up for the lack of surface heat transfer coefficients in energy conservation design of tropical island buildings. In the past work, a large number of studies aimed at determining more reliable CHTCs have been performed, owing to the complexity of convective heat transfer. One of the earliest experimental investigations on CHTC was that of Jurges, and this work was conducted in a wind tunnel. Finally, CHTC was expressed as a linear relation or exponential form of wind speed, which is still cited by many references widely [7]. Similarly, Zhang [8], Yun [9], and Montazeri [10] also measured CHTCs on a structure surface in a wind tunnel laboratory. However, although experimental conditions in a wind tunnel could be controlled easily, it cannot produce a real enough outdoor environment [11,12], bringing about deviation for experimental results. Hence, it is a better choice to conduct full-scale measurements, and a large number of full-scale measurements on CHTC have been conducted in the past studies. Jayamaha et al. [13] investigated the influences of solar radiation, wind speed, and temperature difference between wall surfaces and ambient air on CHTC, and found that CHTC would not follow the variation mode of solar radiation and temperature differences, but was directly related to wind speed. Sharple et al. [14] tested the CHTCs of slanting housetops by heating plates in natural environments, and linked wind speeds and CHTCs on the windward or leeward sides. Hagishima and Tanimoto [15,16] performed lots of outdoor experiments by the heat balance method and gave the correlation between wind velocity and CHTC, which considered the turbulent effect. Liu and Harris [17] measured the CHTC on the surface of a low-storied building in shelter circumstances, and obtained various relational expressions between CHTCs and wind speeds. Furthermore, some similar full-scale measurements were performed in other studies [18,19,20,21,22]. In addition, Palyvos [23], Defraeye [24], and Mirsadeghi [25] summarized the existing correlations between CHTC and wind speed in the literature. However, there are two main problems for the full-scale measurements mentioned above: Firstly, the climatic environment, experimental conditions, and operations were respectively different in the processes of obtaining the correlations, leading to CHTCs under the same wind speed being very dissimilar. Thus, these CHTC predictive formulas, which were surveyed in specific environment conditions, cannot be commonly used in the tropical island region. Secondly, the heat balance method was used universally in the field measurements above, and it is an indirect test method involving many experimental instruments. Furthermore, the difference value of temperature between ambient air and the envelope surface is required to be more than 15 °C. Comparatively speaking, the heat–mass transfer analogy method is a direct test, without having to measure the envelope surface heat transfer and solar radiation. As a result, this method uses less instruments, which could reduce cumulative errors and improve ease of operation, helping to solve the difficulties of discommodious traffic and harsh experiment conditions in tropical island regions properly. Recently, Shao et al. [26,27] exploited a novel method based on the analogy theory of heat and mass transfer, and performed a full-scale measurement of CHTC. Moreover, the feasibility of this method was validated by contrasting with the heat balance method aimed at the same building in an identical test environment. Thus, according to the foregoing literature survey, to obtain a reasonable value of CHTC, a full-scale measurement based on the theory of heat–mass transfer analogy in the tropical island region would likely be a very effective attempt.



There were few reports on either experimental or theoretical aspects of EHTCs. Sodha et al. [28,29] carried out relevant exploration on the relationship between EHTC and CHTC in the late 1970s and early 1980s. Meng et al. [30] proved the general relationship of EHTC and CHTC on a wet surface based on the Lewis criterion, and found that EHTC was largely affected by wind speed. Chen [31] investigated the heat transfer coefficients on dry or wet building surfaces in three Chinese cities, and found that the heat transfer coefficients on wet surfaces were obviously larger than those on dry surfaces. Liu et al. [32] also drew a similar conclusion that evaporation on building surfaces affects total heat transfer coefficient size. Through these scanty studies on EHTC, we knew that the strong wind and heavy rainfall in tropical island regions would work together to make EHTC large. Considering the weather features with abundant wind and rain in tropical island regions, if the envelope surfaces are still treated as dry and evaporation is ignored, there would probably be large deviations for THTCs. Therefore, the degree of influence of EHTC on THTC needs to be discussed, and THTC would be more reasonable if EHTC was added for tropical island regions.



In this study, a naphthalene sublimation experiment based on heat–mass transfer analogy was adopted to conduct a full-scale measurement of CHTC in the tropical island region, and a simplified calculation model of EHTC was put forward. Subsequently, a statistical analysis was performed to explore the changing conditions of heat transfer coefficients, wind speeds, and rain hours at different times. Finally, the paper discussed the degree of influence of EHTC on THTC, indicating that EHTC cannot be directly ignored for tropical island buildings, and a comparison between research results and China’s standard regarding THTCs was made. This study makes up for the lack of surface heat transfer coefficients in energy conservation design of tropical island buildings, improving the calculation accuracy of air-conditioning loads in tropical island regions.




2. Methods


In this study, heat transfer coefficients of building external surfaces in the tropical island region were respectively obtained by following methods:

	(a)

	
For CHTC, field measurements based on a naphthalene sublimation experiment were conducted in the tropical island region.




	(b)

	
By combing the RHTC calculation theory with the annual average temperature in Xisha, the RHTC in the tropical island region was determined.




	(c)

	
By considering the difficult point that the occurrence of rainfall and evaporation heat transfer does not exactly correspond in real time, a simplified calculation model of daily average EHTC was put forward.









2.1. Naphthalene Sublimation Experiment


2.1.1. Experiment Principle


Based on the analogy theory of heat and mass transfer, the naphthalene sublimation method was explored. Since the governing equation of the heat and mass transfer process was similar, the results of mass transfer for naphthalene were applicable for the heat transfer process [33]. Research work has demonstrated that the mechanism of heat–mass transfer is analogous when liquid flows through the surface of a solid body, and the empirical relations are often described as below [34]:


Nu=CRemPrn



(1)






Sh=CRemScn



(2)




where the definition of the Nusselt number is Nu = hcl/λ, the definition of the Reynolds number is Re = ul/ν, the definition of the Prandtl number is Pr = ν/a, the definition of the Sherwood number is Sh = hdl/D, the definition of the Schmidt number is Sc = ν/D, and the definition of the Lewis number is Le = Sc/Pr.



According to the definitions of the dimensionless numbers above, the following correlation can be acquired:


hchd=ρcpLe1−n



(3)




where n is a constant value determined by the empirical results, and has been found to be in the range of 1/3–0.4 depending on the flow conditions through the past studies [35]. It has been determined to be 0.4 under the condition of turbulent flow surrounding the buildings in this study.



The mass diffusion coefficient D can be expressed in the following form [36]:


D=0.0681×10−4(Ta298.13)1.93(101325Patm)



(4)







hd can be given by:


hd=δm/δtρv,s−ρv,∞



(5)




where ρv,∞ is the vapor density of naphthalene in free-flowing air (kg/m3) and is regarded as 0, and ρv,s is the saturated vapor density on the test specimen surface (kg/m3), which is expressed as below:


ρv,s=Pv,sRnaphtTs



(6)




where Pv,s is the saturated vapor pressure on the test specimen surface (Pa) and it can be reckoned in the light of the empirical relation recommended by Ambrose [37].



On the condition that atmospheric pressure correction is not considered, then the calculation formula of convective heat transfer coefficient is as follows:


hc=5.01λa−0.4RnaphtTsPv,sδmδt(Ta298.13)−1.158



(7)







Thus, based on the principle analysis of the naphthalene sublimation experiment, it can be found that the convective heat transfer coefficient can be obtained by measuring Ta, Ts, δm, and δt.




2.1.2. Experiment Instruments or Devices


The experimental instruments or devices used in the field measurement are presented in Figure 1.



The naphthalene specimen was a core component throughout the experiment, and Figure 2 summarizes the production process of the naphthalene specimen. Firstly, a rounded aluminum box was selected as a container for naphthalene, and its diameter and thickness were 13.3 and 0.9 cm, respectively. Additionally, the purity of the solid naphthalene particles should be more than 98%, otherwise the naphthalene purity might affect the CHTC calculation results. Furthermore, a smooth and flat sublimating surface was also required to ensure a homogeneous surface temperature.



For the measurements of mass loss of the naphthalene specimen, surface temperature on the test specimen, air temperature, and wind speed, we adopted the experimental instruments in Figure 1b–e. The accuracies, sampling intervals, and mounting heights of these instruments are listed in Table 1.



It must be clarified that the problems of inconvenience traffic, difficult transport, and poor experimental conditions in the tropical island region determined that the experimental instruments should be operated more simply and carried more easily as much as possible. The infrared thermometer has obvious advantages in portability, convenience, and economy, and therefore, although a thermal camera is more intuitive and efficient than an infrared thermometer, we chose an infrared thermometer instead of a thermal camera in this study. Additionally, considering the reasonable placement of the naphthalene specimen was an important segment to reduce the weighing error, and so we introduced a homemade bracket and employed sucker hooks as interconnecting pieces between the naphthalene specimen and the bracket felicitously, providing an advantage for taking and placing the naphthalene box easily. Thus, there were significant improvements from previous studies.




2.1.3. Experiment Steps


The steps to measure CHTC in this experiment are shown in Figure 3. It should be noted that the naphthalene specimen must be weighed with cover, otherwise the naphthalene surface will still be undergoing the sublimation process when weighing mass, leading to large weighing error. Additionally, because the experimental instruments used to measure air temperature, relative humidity, and wind speed possess automatic recording functions, several parameters were recorded in fine time intervals. However, on the one hand, the infrared thermometer cannot record surface temperature in real time, but on the other hand, the changes of naphthalene surface temperature in a test cycle and the effects of inhomogeneous naphthalene surface temperature on results should be considered. Thus, the naphthalene surface temperature was measured every 10 min during a test period (60 min), and multiple surface points were chosen per measurement.





2.2. RHTC Calculation Theory


The RHTC is mainly determined by the actual long-wave radiation heat transfer between a building external surface and the outside environment, including the two parts of long-wave radiation heat transfer between the building external surface and the sky or the ground. However, considering that the sky and ground radiation conditions are hard to determine, the surface temperature of the outside environment is usually replaced by the air temperature around the envelope within the margin of error so as to simplify calculations in the field of thermal engineering in China. The long-wave radiation heat transfer between the building external surface and the sky or the ground would not be reflected in the RHTC calculation, but this does not mean that there is a problem in RHTC calculation theory. In the simplification process, radiation heat transfer qra between the envelope surface and the surrounding environment can be calculated through the following equation [38]:


qra=Cbεwa[(Tw100)4−(Ta100)4]



(8)







εwa is system emissivity and can be expressed as:


εwa=11/εw+F1/F2(1/εa−1)



(9)




where F1 and F2 are the envelope surface area (m2) and atmosphere radiation area (m2), respectively, and it is quite obvious that F1 is much less than F2. Therefore, εwa is equal to εw.



Thus, Equation (8) can be rewritten as Equation (10):


qra=5.67εw[(Tw100)4−(Ta100)4]Tw−Ta(Tw−Ta)=hr(Tw−Ta)



(10)






hr=5.67εw[(Tw100)4−(Ta100)4]Tw−Ta=5.67εwθ



(11)






θ=(Tw100)4−(Ta100)4Tw−Ta≈4×10−8Tm3=4×10−8(Tw+Ta2)3



(12)







For general building materials, the surface emissivity is usually from 0.85 to 0.95 [38]. Thus, the range of RHTCs under different Tm values can be calculated, and the results are listed in Table 2. It can be observed that θ barely changes when Tm varies within a certain range. It should be noted that the actual sky radiation conditions were not taken into consideration in the analysis, owing to the RHTC processing method in this study. According to the RHTC calculation theory, it can be known that RHTC depends on the average temperatures of the envelope surface and air. Furthermore, the tropical island region has its own unique climatic features, such as small daily temperature range, small annual temperature range, and unclear four seasons, together with the characteristics of RHTC and Tm shown in Table 2. Thus, it is reasonable for RHTC to be treated as a constant. Additionally, considering that the annual average temperature in Xisha is more than 28 °C, the RHTC in this study is determined as 5.8 W/(m2·K).




2.3. EHTC Simplified Calculation Model


2.3.1. Calculation Principle


The external building surface in the pluvial region is often wet due to the influence of rainfall, and the liquid water on the surface must transfer heat by evaporation. On wet surfaces, the water mass flow of evaporation can be calculated by the following formula [39]:


mwater=hd(Cw−Ca)=hdRwater(PwTw−PaTa)



(13)







Putting the Lewis relation hc/hd = ρcpLe2/3 into Equation (13), Equation (13) can be converted to Equation (14):


mwater=hcRwaterρcPLe23(PwTw−PaTa)



(14)




where Le is the Lewis number, which can be determined as 0.857 when water vapor diffuses through the air [30].



For the partial pressure of water vapor, it can be obtained by the following relationship:


p=φps



(15)




where ps is the saturated vapor pressure (Pa), which can be calculated in the following form [40]:


ps=3385.5exp[−8.093+0.936(t+42.61)1/2]



(16)







By equalizing the evaporative heat transfer to the Newton cooling formula, the following relation can be found:


m×r=he(Tw−Ta)



(17)




where r is latent heat of water (kJ/kg), which can be calculated by the formula below:


r=2497.848−2.324ta



(18)







If β is defined as he/hc, then β can be expressed as Equation (19):


β=rRwaterρcPLe23(Tw−Ta)(PwTw−PaTa)



(19)







Therefore, β can be calculated by merely measuring Tw, Ta, φw, and φa, and then the evaporative heat transfer coefficient can be acquired by combining with CHTC.




2.3.2. Simplified Processing Method


A moist envelope surface is the precondition for evaporation heat transfer, and the wet condition of an envelope surface is largely influenced by local rainfall. Similar to solar radiation, rainfall takes on discontinuity. However, it also has its own unique characteristics, such as randomness and uncertain intensity, causing the determination method of EHTC to be more complex than solar radiation. The main problematic point is that the occurrence of rainfall and evaporation do not correspond exactly in real time, namely, when rainfall intensity is particularly small over a certain period of time, evaporative heat transfer is probably very weak or non-existent. However, if quite heavy rainfall occurs at a certain time, evaporation heat transfer may last for a long time.



For a rainy day, we can obtain hourly air temperature, relative humidity, and precipitation according to existing weather data in the tropical island region. By considering the complexity of evaporation heat transfer, this study puts forward a simplified method to obtain EHTC. We stipulate that if the rainfall precipitation within an hour is more than zero, the envelope surface is wet, and water on the surface transfers heat by evaporation in this hour all the time. Then, EHTC can be obtained by determining Ta, φa, Tw, and φw in this hour. Among these parameters, Ta and φa can be acquired directly from existing weather data in the tropical island region, and φw on wet surfaces is regarded as 100%. Considering that the clouds are thicker on rainy days and can strongly weaken solar radiation, the temperature difference between the envelope surface and air is actually small. Additionally, based on the temperature ranges of the envelope surfaces and air on rainy days derived from reference [32], we determined the Tw by adding 3 K to Ta. Therefore, when there is rainfall precipitation within an hour, according to the determination of hourly CHTC, Ta, φa, Tw, and φw, the daily average EHTC can be obtained.



It should be pointed out that several ideal assumptions are proposed referring to the previous work [32] to simplify the problem above, and they are as follows: (a) If there is precipitation within an hour, the envelope surface is wet and water on the surface transfers heat by evaporation in this hour all the time; (b) prolonged evaporation heat transfer caused by intense rainfall moments is ignored; and (c) the φw on wet surfaces is regarded as 100%.



Here, we need to clarify that the assessment of EHTC in this paper is based on the approach that was formulated for the case of evaporation of liquids from free surfaces, and the research necessity of this part stems from the special climate of high wind speed and strong rainfall in the tropical island region. There is actually another type of evaporation heat transfer, for which the wall structure is made from porous material and permeated by moisture, and the evaporation process mechanism is different from that in this paper and even more complex. Considering that the exterior surfaces of buildings in this area are often in a humid state under the combined action of high wind speed and strong rainfall, there must be liquid water on surfaces to transfer heat by evaporation, and so this study mainly discussed the case of evaporation of liquids from free surfaces. It should be noted that there are several issues in the assessment method: (a) The impact of building external surface characteristics on EHTC was not considered in this assessment method, and (b) the assumptions above were determined on the basis of theoretical analysis or reference material, instead of actual measurements. Additionally, wet and rainy weather is the prerequisite for discussing the EHTC, and it is unnecessary to analyze the EHTC for the dry areas with little rain. Finally, the study of how to add EHTC into the total heat transfer coefficient is still in the preliminary exploration stage, and so we think that it is acceptable to adopt the proposed approach in this paper to estimate the EHTC.






3. Results


3.1. Naphthalene Sublimation Experiment


3.1.1. Test Subject and Weather Conditions


The test subject was a full-size dormitory building in the tropical island region with plentiful wind and rain. Figure 4 shows the plan graph of the test object, and it was 37 m long and 16.5 m wide. The testing was accomplished on 19 August, 8 November, and 9 November 2016, and Figure 5 presents the changing diagram of ambient air temperature and relative humidity in the period of testing. As shown in Figure 5, the air temperature and relative humidity fluctuated weakly on 19 August, but the two outdoor parameters both had great changes on 8 November and 9 November, in the range of about 28–40 °C and 40–80%, respectively. Furthermore, it was sunny on 8 November and 9 November, but the weather was cloudy and windy on 19 August.




3.1.2. Relationship between CHTC and Wind Speed


Considering that wind speed is the main influence factor of CHTC, this study explored the correlation between CHTC and wind speed, supported by experimental data from 8 November and 9 November. It must be pointed out that the field measurements were carried out aiming at four building facades of the test subject, but in order to ensure the convenience of engineering design, the CHTC and wind speed from four different directions were analyzed together. Therefore, the CHTC presented in the relational expression represented all four building facades. The relationship between CHTC and wind speed can be found in Figure 6, and the function expression between the two parameters is given in Equation (20). According to the analysis of the original measured wind speed, which was applied to get the CHTC predictive model, it can be found that the maximum measured wind speed was 4.08 m/s, and so the provided equation describing convective heat transfer coefficients is well applicable to the wind speeds below 4.08 m/s. Additionally, from the Figure 6, it can be observed that 65% of wind speeds throughout the year in Xisha are less than the maximum measured wind speed, and together with the effects of height on wind velocity, the frequency accumulation curve presented in Figure 6 would shift in the direction of low wind speed. Then, the applicable time scope of the CHTC forecast model would be broadened, and so we think that it is acceptable to adopt the CHTC forecast model to assess the convective heat transfer coefficient of this tropical island building.


CHTC=5.56+4.48u(R2=0.94)



(20)




where the wind velocity u was measured at a height of 1.2 m above the ground, and it is a time-averaged value during a test cycle.




3.1.3. Verification of CHTC Predictive Model


The CHTC predictive model was verified and examined by comparing the predicted CHTCs under measured wind speeds with the measured CHTCs on 19 August 2016. The percentage error (PE) was introduced, and its definition is as follows:


PE=(|Ci−Qi|/Qi)×100%



(21)




where Ci and Qi are the predicted values and measured values, respectively.



Figure 7 shows the comparative results between the predicted and measured CHTCs, and it can be observed obviously that the differences between predicted and measured CHTCs were quite small. The percentage errors were all less than 5% for different verification groups or measured wind speeds, and the mean percentage error (MPE) was merely 2.50%. Accordingly, the CHTC predictive model raised in this study was examined as reliable for estimating CHTC in the tropical island region.




3.1.4. Uncertainty Analysis of the Naphthalene Sublimation Method


Based on the error propagation theory and the expression of hc given in Equation (8), the uncertainty of the naphthalene sublimation experiment can be evaluated as Equation (22), and it mainly includes the balance quality measurement error, temperature measurement error, and the error caused by empirical formula.


Δhchc=[(|Δmm|)2+(|ΔTsTs|)2+(1.158|ΔTaTa|)2+(|ΔPv,sPv,s|)2]1/2



(22)







According to the analysis of the accuracies of the experimental instruments and the minimum values of measured variables in the process of field measurements, the quality measurement error of balance and the temperature measurement error can be acquired. In addition, the empirical formula for calculating the saturated vapor pressure on the naphthalene test specimen surface has an uncertainty of 3.77% [37]. Therefore, the overall uncertainty of CHTC in the naphthalene sublimation experiment is approximately 5.4%, and thus the accuracy of the experimental result can be secured.





3.2. Features of Wind and Rain in the Tropical Island Region


Based on meteorological data of hourly wind speed and rainfall in Xisha from June 2015 to May 2016, Figure 8 shows the daily variation curves of average wind speeds and total rain hours throughout the year in Xisha. We can know that the variation ranges of outdoor average wind speeds and total rain hours are wide all throughout the year, changing from 1.0 to 11.5 m/s and 0 to 21 h, respectively. Moreover, rainfall shows strong randomness, discontinuity, and intensity uncertainty.



Assuming that the wind speeds above level three are high, then Harbin, Beijing, Shanghai, Guangzhou, and Kunming were selected as representative cities of different climate zones to arrange the proportions of high wind speeds, and the statistical result is shown in Figure 9. There is a proportion of 14.1% high wind speeds in Xisha, which is obviously larger than those of the representative inland cities. Moreover, Figure 10 presents the annual precipitation of the different representative cities, and we can know that the precipitation in Xisha is second only to Shanghai, and more than other representative cities.




3.3. Heat Transfer Coefficient in the Tropical Island Region


3.3.1. Daily Average Heat Transfer Coefficient


Relation between Heat Transfer Coefficients, Wind Speeds, and Rain Hours


By combining the CHTC predictive model derived from full-scale measurements and daily mean wind speeds in the tropical island region, the daily average CHTC throughout the year can be calculated. Then, the daily average EHTC can be obtained by adopting the simplified calculation model described above. Figure 11 shows the variation relationship between daily average heat transfer coefficients, wind speeds, and rain hours. As can be seen, the variation trend of CHTC is coincident with wind speed, and the daily average CHTCs are all concentrated in the range of 10–60 W/(m2·K). Furthermore, RHTC is almost impervious to wind speed and rainfall, keeping unchanged at 5.8 W/(m2·K). However, compared with CHTC and RHTC, the EHTC shows strong randomness and indeterminacy, owing to rainfall, and it has a wider changing range from 0 to 160 W/(m2·K).




Frequency Distribution of Daily Average Heat Transfer Coefficients


The frequency distribution of daily average heat transfer coefficients in the tropical island region is presented in Figure 12. It can be seen that the CHTCs and RHTCs are all in relatively centralized distributions, but the distribution of EHTC is discrete on account of the uncertain rainfall intensity. Consequently, the total heat transfer coefficient with consideration of evaporation heat transfer (THTC-Y) is equipped with a wide distribution range of approximately 16–220 W/(m2·K). Furthermore, with respect to THTC-Y, the range from 20 to 25 W/(m2·K) occupies the highest frequency, with up to 110 days (30.1%). And the THTC-Y which is in the scope of 20–50 W/(m2·K) accounts for a proportion of more than 80% year-round time. Additionally, considering that the THTC recommended values for winter or summer in the Chinese current standard are all less than 25 W/(m2·K), and therefore, taking 25 W/(m2·K) as the boundary line, it can be found that the number of days that THTC-Y is less or more than 25 W/(m2·K) are 146 (40%) or 219 (60%), respectively.





3.3.2. Monthly Average Heat Transfer Coefficient


Figure 13 shows the relationship between heat transfer coefficients, wind speeds, and rain hours for every month throughout the year in the tropical island region. It can be observed that THTC-Y in July is the largest (up to 46.3 W/(m2·K)), since the average wind speed and total rainfall hours in July are all large among the twelve months. Moreover, less rain hours and the highest monthly average wind speed induce THTC-Y in June to rank second only to that in July (up to 39.0 W/(m2·K)). Furthermore, because the average wind speeds and total rain hours are generally small in March, April, and May, accordingly, the values of THTC-Y in these months are all small (around 26 W/(m2·K)). Except for the months described above, the THTC-Y values of the remaining months have little differences, and are approximately 32 W/(m2·K).



The difference between THTC-Y and the total heat transfer coefficient without considering evaporation heat transfer (THTC-N) is mainly reflected in EHTC. From Figure 13, it can be observed that the difference can be divided into three categories according to average wind speeds and total rain hours of every month:

	(a)

	
The differences between THTC-Y and THTC-N are large in January, July, September, and October with climate features of high wind speeds and strong rainfall, or relatively low wind speeds and especially frequent rainfall. For July particularly, EHTC reaches up to 12.5 W/(m2·K) under the combined action of high wind speeds and strong rainfall.




	(b)

	
The differences between THTC-Y and THTC-N are small from February to May, as these months possess relatively low or medium wind speeds and very few total rain hours. The EHTCs in these several months are all less than 2.5 W/(m2·K) (only 0.8 W/(m2·K) for April).




	(c)

	
The differences between THTC-Y and THTC-N are in the range of 4–6 W/(m2·K) in August, November, and December, when the outdoor mean wind speeds and total rain hours are medium.









It should be noted that the difference between THTC-Y and THTC-N in June does not belong to any of the categories above, and the characteristic of high wind speed and little rainfall is particularly similar with that of winter in northern China. As a result, the EHTC in June is 4.6 W/(m2·K).




3.3.3. Seasonal Average Heat Transfer Coefficients


The heat transfer coefficients of different seasons in the tropical island region are listed in Table 3, and the meteorological division method is used to delimit four seasons in this study. From Table 3, we can know that the difference between THTC-Y and THTC-N is minimum in spring and maximum in summer, and they are 1.5 W/(m2·K) and 7.2 W/(m2·K) respectively. Except for this, the difference is 5.2 W/(m2·K) for the whole year. Thus, the effect of evaporation heat transfer on THTC is significant and cannot be ignored directly. Additionally, because the current Chinese standard only gives THTC recommended values in summer and winter, we mainly make a comparison between the THTCs provided by this study and the THTCs recommended by the standard here. It should be noted that THTC recommended values in the current Chinese standard are a consequence without distinction for wind speed size and consideration for evaporation heat transfer, and they must have a certain gap with the THTCs considering wind speed size and evaporation effects in this study. Furthermore, the differences are 19.9 W/(m2·K) in summer and 10.4 W/(m2·K) in winter, respectively. Therefore, as far as the tropical island building is concerned, strong wind contributes to large CHTC, together with heavy rainfall, then EHTC cannot be ignored. Consequently, THTCs in the tropical island region are much higher than the recommended values in the current Chinese standard aimed at inland climates.



Here, it should be noted that convective, radiation, and evaporative heat transfer are three forms of heat transfer between an envelope surface and the ambient environment in the heat balance equation of external building surfaces. When the envelope surface is wet, the three forms of heat transfer occur simultaneously, but the interaction effects among the three forms of heat transfer are not considered in the heat balance equation of external building surfaces. Therefore, it is unnecessary to take into account the influence of rain on CHTC and RHTC.






4. Discussion


4.1. Analysis on Data Sample Size of the Naphthalene Sublimation Experiment


Owing to the hard experimental conditions and other factors, the field measurements in the tropical island region were very difficult. Thus, the CHTC testing days and sample size of the naphthalene sublimation experiment were fewer. However, this would not affect the reliability of the CHTC model, because the data used to obtain the correlation between CHTC and wind speed were from 8 November and 9 November 2016, and the weather on the two days was sunny and had a certain representativeness. Additionally, the CHTC predictive model was examined by comparing the predicted CHTCs under measured wind speeds and the measured CHTCs on 19 August 2016, and the percentage errors were all less than 5% for the different verification groups, additionally, the mean percentage error (MPE) was merely 2.50%. Therefore, the CHTC predictive model presented in this study was thought to be reliable for estimating CHTC in the tropical island region.




4.2. Effect of Envelope Surface Roughness on CHTC Calculation


The CHTC is influenced by many factors, such as wind speed, surface roughness, fluid characteristics, and so on. However, considering that the convective heat transfer coefficient is mainly affected by wind velocity, we investigated the correlation between CHTC and wind velocity only. It should be pointed out that other influencing factors are also included in the fitting formula according to the analogy theory of heat and mass transfer, because the measuring parameters, such as air temperature (Ta) and test specimen surface temperature (Ts), are influenced by surface roughness and fluid characteristics. Therefore, the surface roughness has been considered in the CHTC calculation result.




4.3. Optimization Study on EHTC Calculation Model


Considering that the occurrence of rainfall and evaporation heat transfer do not correspond exactly in real time, we calculated EHTC with some simplifications and hypotheses. It must be pointed out that our study on EHTC is still in the preliminary exploration stage for the presentation of the evaporative concept, discussing the degree of influence of EHTC on THTC and indicating that EHTC is non-negligible in the tropical island region. To date, the daily average EHTC can be obtained by the simplified calculation model, and the optimization study on the calculation model will appear in our follow-up work.




4.4. Improvement of Meteorological Data


Limited by the lack of meteorological data in the tropical island region, parameters such as hourly temperature, relative humidity, wind speed, and rainfall were all concentrated in the period from June 2015 to May 2016 in this study. We have realized that this is a shortcoming for our study. Therefore, we are bound to pay attention to collecting and organizing climatological data in the tropical island region uninterruptedly in order to update and improve the basic meteorological database, and then increase the reliability of correlational studies in the future works.





5. Conclusions


According to the experimental and theoretical study on heat transfer coefficients of building external surfaces in the tropical island region, some main findings can be summarized as below:

	
Based on full-scale measurements in the tropical island region, the function expression between CHTC and wind speed was investigated to be CHTC = 5.56 + 4.48u (R2 = 0.94), and the CHTC predictive formula was validated to be reliable, with a mean percentage error of 2.50% for estimating CHTCs in the tropical island region.



	
The characteristics of daily average heat transfer coefficients in the tropical island region were as follows: The variation trend of CHTC was coincident with wind speed, and the daily average CHTCs were all concentrated in the range of 10–60 W/(m2·K); RHTC was almost impervious to wind speed and rainfall variations, keeping unchanged at 5.8 W/(m2·K); and EHTC showed strong randomness and indeterminacy owing to rainfall effects, and it had a wider changing range from 0 to 160 W/(m2·K).



	
Whether evaporation was considered or not, THTC differences were all less than 2.5 W/(m2·K) from February to May, since these months possessed relatively low or medium wind speeds and very few total rain hours. Except for the several months above, THTC differences were all more than 4.6 W/(m2·K), and for July particularly, the THTC difference reached up to 12.5 W/(m2·K) under the conjoint action of high wind speed and strong rainfall. Additionally, in terms of the whole year, the THTC difference was 5.2 W/(m2·K). Consequently, the effect of evaporation heat transfer on THTC is significant and cannot be ignored directly.



	
When evaporation was taken into account, the daily average THTC ranged from approximately 16 to 220 W/(m2·K) throughout the year. Furthermore, the number of days that THTC was more than 25W/(m2·K) was 219, occupying a 60% proportion of year-round time.



	
THTCs with consideration of evaporation in winter and summer were respectively 33.4 W/(m2·K) and 38.9 W/(m2·K) in the tropical island region, which are much larger than the recommended values in the current national standard.
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Nomenclatures




	
English symbols




	
hc

	
convective heat transfer coefficient, W/m2·K




	
hd

	
convective mass transfer coefficient, m/s




	
hr

	
radiation heat transfer coefficient, W/m2·K




	
he

	
evaporative heat transfer coefficient, W/m2·K




	
Cp

	
specific heat, kJ/kg·K




	
D

	
mass diffusion coefficient, m2/s




	
l

	
representative length of target surface, m




	
u

	
wind velocity, m/s




	
a

	
thermal diffusion coefficient, m2/s




	
Nu

	
Nusselt number (=hl/λ)




	
Sh

	
Sherwood number (=hdl/D)




	
Re

	
Reynolds number (=ul/ν)




	
Pr

	
Prandtl number (=ν/a)




	
Sc

	
Schmidt number (=ν/D)




	
Le

	
Lewis number (=λ/ρCpD)




	
n

	
empirical constant




	
m

	
empirical constant




	
Ta

	
air temperature, K




	
Patm

	
atmospheric pressure close to measured position, Pa




	
Ts

	
test specimen surface temperature, K




	
Pv,s

	
naphthalene saturated pressure on test specimen surface, Pa




	
Rnapht

	
gas constant for naphthalene, J/kg·K




	
qra

	
radiation heat transfer between envelope surface and surrounding environment, W/m2




	
Cb

	
blackbody radiation constant, 5.67W/(m2·K4)




	
Tw

	
envelope surface temperature, K




	
F1

	
envelope surface area, m2




	
F2

	
atmosphere radiation area, m2




	
Tm

	
average temperature between envelope surface and air, K




	
mwater

	
the water mass flow of evaporation, (kg/s·m2)




	
Cw

	
water vapor concentration on building surface, kg/m3




	
Ca

	
water vapor concentration in ambient air, kg/m3




	
Rwater

	
gas constant for water vapor, J/kg·K




	
Pw

	
water vapor partial pressure on envelope surface, pa




	
Pa

	
water vapor partial pressure in ambient air, pa




	
r

	
latent heat of water, kJ/kg




	
Greek symbols




	
ρ

	
density, kg/m3




	
λ

	
thermal conductivity, W/m·K




	
ν

	
kinematical viscosity, m2/s




	
δm

	
mass loss of specimen per unit of naphthalene surface area, kg/m2




	
δt

	
time interval, s




	
ρv,s

	
naphthalene saturated vapor density on test specimen surface, kg/m3




	
ρv,∞

	
naphthalene vapor density in free-flowing air, kg/m3




	
εwa

	
system emissivity




	
εw

	
envelope surface emissivity




	
εa

	
atmosphere emissivity




	
θ

	
temperature factor, K3




	
φw

	
relative humidity on envelope surface, %




	
φa

	
relative humidity in ambient air, %




	
β

	
ratio of evaporation heat transfer coefficient to convection heat transfer coefficient
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Figure 1. Experimental instruments or devices: (a) Naphthalene test specimen, (b) electronic balance, (c) infrared thermometer, (d) temperature and humidity recorder, (e) hot-wire anemometer, and (f) homemade bracket. 
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Figure 2. Production process of the naphthalene specimen. 
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Figure 3. Steps of the naphthalene sublimation experiment. 
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Figure 4. Plan graph of the test subject. 
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Figure 5. Changing diagram of air temperature and relative humidity during testing. 
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Figure 6. Relationship between convective heat transfer coefficient (CHTC) and wind speed. 
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Figure 7. Comparative results between predicted and measured CHTCs. 






Figure 7. Comparative results between predicted and measured CHTCs.



[image: Applsci 09 01063 g007]







[image: Applsci 09 01063 g008 550]





Figure 8. Daily variation curves of average wind speeds and total rain hours in Xisha. 
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Figure 9. Statistical result of high wind speed proportions among different cities. 
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Figure 10. Annual precipitation of different representative cities. 
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Figure 11. Daily variation relationship between heat transfer coefficients, wind speeds, and rain hours in the tropical island region. 
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Figure 12. Frequency distribution of daily average heat transfer coefficient. 
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Figure 13. Monthly variation relationship between heat transfer coefficients, wind speeds, and rain hours in the tropical island region. 
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Table 1. Accuracies, sampling intervals, and mounting heights of instruments.
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	Instruments
	Accuracy
	Sampling Interval
	Mounting Height





	Electronic balance
	0.001 g
	—
	—



	Temperature and humidity recorder
	±0.4 °C, ±2%RH
	30 s
	1.2 m



	Infrared thermometer
	±0.75 °C
	—
	—



	Hot-wire anemometer
	(0.03 + 5% measured value) m/s
	10 s
	1.2 m
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Table 2. Radiation heat transfer coefficients (RHTCs) under different average temperatures.
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	tm/°C
	40
	37.5
	35
	32.5
	30
	27.5



	Tm/K
	313
	310.5
	308
	305.5
	303
	300.5



	θ/K3
	1.23
	1.20
	1.17
	1.14
	1.11
	1.09



	RHTC/[W/m2·K]
	5.91~6.61
	5.77~6.45
	5.63~6.30
	5.50~6.14
	5.36~5.99
	5.23~5.85
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Table 3. Heat transfer coefficients of different seasons in the tropical island region.
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Time

	
u [m/s]

	
Rain Hours [h]

	
CHTC

	
RHTC

	
EHTC

	
THTC-Y

	
THTC-N

	
THTC (Standard)




	
[W/m2·K]






	
Spring

	
3.02

	
45

	
19.1

	
5.8

	
1.5

	
26.4

	
24.9

	
—




	
Summer

	
4.56

	
118

	
26.0

	
7.2

	
38.9

	
31.8

	
19.0




	
Autumn

	
2.91

	
175

	
18.6

	
6.9

	
31.3

	
24.4

	
—




	
Winter

	
3.76

	
126

	
22.4

	
5.2

	
33.4

	
28.2

	
23.0




	
Whole year

	
3.56

	
464

	
21.5

	
5.2

	
32.5

	
27.3

	
—












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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