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CHILLED WATER COOLING COILS
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Chilled water cooling coils are common components in large building energy systems.  They are used to cool and dehumidify air as it is distributed to the various zones in a building.  Water is chilled in the evaporator of a chiller and is then pumped to the cooling coil.  In the cooling coil the water flows through tubes, usually making multiple passes, as air flows normal to the tube bank.  The tube bank is generally finned on the air side due to the relatively low heat transfer coefficient of a gas flow compared to that of a liquid flow.  Figure 3.1 is a schematic of a chilled water cooling coil.
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Figure 3.1  Schematic of a chilled water cooling coil.





Two new chilled water cooling coil models that use catalog data have been developed.  The heat transfer coefficient-area product equations and the defined characteristic parameters of the model are very similar to those of the sensible heat exchanger model.  They differ in that mass transfer is also considered.  An important advantage of these models is that no detailed specifications such as tube spacing or fin thickness are required.  The only geometric specification required by these models is the coil face area.





3.1  Existing Models and Correlations





There are several existing models and correlations for predicting the performance of a chilled water cooling coil.  These models vary in their degree of empiricism and the ease with which they may be applied to predict the performance of a cataloged chilled water cooling coil.





Stoecker (1975) provides a model that is entirely empirical.  Based on performance at cataloged flow rates and temperatures, Stoecker’s model requires the determination of a number of empirical parameters as shown in Equations 3.1-3.5.  The total heat transfer rate is calculated using the base rating of the cooling coil BRCW and the wetted-surface factor WSF.  FPM is the face velocity in ft/min, FPS is the water velocity in ft/s, EDP is the entering dew point temperature, EDB is the entering dry bulb temperature, and EWT is the entering water temperature.





� EMBED "Equation" \* mergeformat  ���                                      (3.1)





 � EMBED "Equation" \* mergeformat  ���    (3.2)





 � EMBED Equation  ���      


� EMBED "Equation" \* mergeformat  ��� 


� EMBED "Equation" \* mergeformat  ���                                                 (3.3)





� EMBED "Equation" \* mergeformat  ���                                               (3.4)





� EMBED "Equation" \* mergeformat  ���                                               (3.5)





This model would be difficult to use in simulating the performance of a cataloged chilled water cooling coil.  To fit 15 empirical parameters with any measure of confidence would require a large set of operating points, many more than are usually tabulated in manufacturers' catalogs.  However, this model is used in the existing TRNSYS Type 32 Cooling Coil component.





A second model is the bypass model (Mitchell and Braun, 1996).  As air passes through a cooling coil, it is not cooled uniformly.  Air flowing near the water tubes is cooled more than the air passing between the tubes.  For this reason, the air flow is treated as two separate, fictitious streams:  one stream leaves the coil at the apparatus dew point temperature (saturated at the entering water temperature) while the second stream leaves the coil at the inlet air condition.  These two streams mix at the coil outlet, yielding the overall coil outlet state.  Because this results in the calculated outlet state lying on a straight line between the inlet state and the apparatus dew point on a psychrometric chart, the dehumidification is overestimated, especially at high sensible heat ratios.





The heat exchanger analogy method may be used to analyze cooling coil operation (Braun et al., 1989).  For a dry cooling coil, the heat exchanger effectiveness-Ntu equations can be used without modification.  A wet cooling coil is analyzed using the effectiveness-Ntu equations on an enthalpy basis rather than on a temperature basis.  The water flow in the tubes is converted to an equivalent flow of saturated air using the saturation specific heat.  Using the heat exchanger effectiveness-Ntu equations on an enthalpy basis then allows determination of the exit air enthalpy.  To calculate the exit air conditions, the air stream and the condensate film (assumed to be at a constant temperature along the entire coil surface) are treated as a sensible heat exchanger with a capacitance rate ratio of zero.  This method is the basis of the existing TRNSYS Type 52 Cooling Coil component as well as the two new chilled water cooling coil models presented in this thesis.





Another source of models is the ASHRAE HVAC 2 Toolkit (Brandemuehl et al., 1992).  This compilation contains cooling coil models of varying complexity.  One way to distinguish between these models is the number of geometric parameters required.  Subroutine HX.DRYCOIL, which calculates the performance of a dry coil surface, requires only the overall heat transfer coefficient-area product UA.  Subroutine HX.WETCOIL, which calculates the performance of a wet coil surface, requires air-side and water-side heat transfer coefficient-area products.  However, unless the heat transfer coefficient-area products are assumed to be constant, functions UFINCONV and UTUBCONV are also required.  UFINCONV calculates the heat transfer coefficient for a dry fin surface and requires four geometric parameters.  UTUBCONV calculates the heat transfer coefficient for a tube flow and requires two geometric parameters.  Therefore, use of these functions with subroutines HX.DRYCOIL and HX.WETCOIL requires a total of six geometric parameters.  CCSIM is a cooling coil model that treats the coil as either totally dry or totally wet.  The model used in the CCSIM subroutine requires no geometric specifications, but an overall heat transfer coefficient-area product UA is calculated from coil performance at a rated condition and is assumed constant.  CCDET is capable of calculating coil performance for a partially wet surface, but it requires 14 geometric parameters.  It would be difficult to use any of these models to simulate performance of a cataloged cooling coil for which limited geometric specifications are available. 





3.2  Generalized Simple Heat and Mass Transfer Model





The simple cooling coil model uses the heat exchanger analogy method to calculate cooling coil performance.  This model is considered simple because the coil surface is treated as either totally dry or totally wet.  Performance calculations are made for both totally dry and totally wet operation.  Comparisons are then made to determine which operating condition better models the actual operating condition.  If the air entering dew point temperature is lower than the entering liquid temperature, the coil is totally dry.  If the air entering dew point temperature is higher than the tube surface temperature at the entrance, the coil is totally wet.  Otherwise, the coil is partially wet.  In this partially wet case, the coil is approximated as being either totally wet or totally dry, whichever yields the higher heat transfer rate.  This assumption is made because modeling the coil as either totally dry or totally wet will underestimate the heat transfer rate.  Assuming totally dry operation neglects latent heat transfer.  Assuming totally wet operation requires humidification of the air so that condensation will indeed occur over the entire coil surface.  The heat transfer to the air in order to maintain its dry bulb temperature as this 'artificial' moisture is added reduces the calculated net heat transfer rate from the air.





3.2.1  Simple Heat and Mass Transfer Model 





For a totally dry coil, the simple cooling coil model is identical to the sensible heat exchanger model discussed in Chapter 2.





A totally wet coil is analyzed using the heat exchanger analogy method.  This method uses the effectiveness-Ntu heat exchanger equations based on enthalpy rather than temperature to analyze the simultaneous cooling and dehumidification of the air as it passes over the cooling coil surface.





Like the sensible heat exchanger model, the simple cooling coil model uses catalog data to fit the values of the characteristic heat transfer parameters C1, C2, and C3.  Mass flow rates and inlet temperatures of the two fluids are inputs to the model.  Equations 3.6-3.14 illustrate the important intermediate calculations of the heat exchanger analogy method.





As shown in Equation 3.6, the air-side heat transfer coefficient-area product is calculated in a manner similar to that of a sensible heat exchanger but with the addition of a convection coefficient correction factor Cf (Brandemuehl et al., 1992).  This correction factor accounts for the additional resistance of the water film and the wet fin efficiency, which must account for both heat and mass transfer, and is given by Equation 3.7..
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The liquid-side heat transfer coefficient-area product is calculated using Equation 3.8, which is identical to that used in calculating the heat transfer coefficient of the inner fluid in a sensible heat exchanger.  The value of characteristic parameter C3 is determined by fitting with catalog data.  If turbulators are present in the tubes, a Reynolds number exponent of 0.7 is used rather than the 4/5 exponent shown (Kakaç, Shah, and Aung, 1987).
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The air-side and liquid-side heat transfer coefficient-area products are combined with specific heats to give the overall enthalpy transfer coefficient-area product UAenthalpy as shown in Equation 3.9.  The saturation specific heat cp, sat, as given by Equation 3.10, is an effective specific heat taken as the ratio of the enthalpy change of saturated air to the temperature change between the entering air dew point temperature and the entering liquid temperature. 
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Analogous to the capacitance rates Cmin and Cmax and the capacitance rate ratio C* used in heat exchanger analysis, the heat exchanger analogy method uses mass capacitance rates mmin and mmax and a mass capacitance rate ratio m* as given by Equation 3.11 .  Using the saturation specific heat cp, sat, the liquid mass flow rate is converted to an equivalent flow rate of saturated air.
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At this point, the Ntu value is calculated using the overall enthalpy transfer coefficient-area product and the minimum mass capacitance rate, the effectiveness is calculated using the Ntu value and the mass capacitance rate ratio, and the maximum heat transfer rate is calculated using the minimum mass capacitance rate, the air inlet enthalpy, and the saturation enthalpy of air at the entering liquid temperature.  The air outlet enthalpy and the saturation enthalpy of air at the exiting liquid temperature can now be determined using Equations 3.12 and 3.13, respectively.
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The outlet liquid temperature can now be calculated as the temperature at which the saturation air enthalpy is equal to hi, out.  However, knowing only the outlet air enthalpy is not enough information to fix the state of the air leaving the cooling coil.





To fix the state of the air leaving the cooling coil, the interaction between the air stream and the condensate film is analyzed as a heat exchanger with an infinite capacitance rate ratio.  This approximation is used because the condensate film is assumed to be at a uniform temperature along the entire coil surface.  With the effectiveness-Ntu relations the air saturation enthalpy at the condensate temperature, the condensate temperature, and the leaving dry bulb temperature can be calculated.  The leaving humidity ratio is calculated using Equation 3.14.
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The air outlet state has now been fixed by the leaving dry bulb temperature and the leaving humidity ratio.





The tube surface temperature at the air inlet is required to determine whether the coil should be treated as totally wet.  An enthalpy-based heat transfer resistance network, as shown in Figure 3.2, is used to determine the air saturation enthalpy at the tube surface temperature.  This air saturation enthalpy is then used to calculate the tube surface temperature.  If the tube surface temperature is lower than the air entering dew point temperature, the coil is totally wet.  Otherwise, the coil is either partially wet or totally dry.
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Figure 3.2  The enthalpy-based heat transfer resistance network used in the analysis of a cooling coil.





3.2.2  Simple Heat and Mass Transfer Model Performance





To test the simple cooling coil heat and mass transfer model, the Trane Company's Customer Direct Service (CDS) (Trane Company, 1996) chilled water coil selection program was used to generate performance data.  This program offers several advantages over traditional catalog data.  Component performance data can be obtained for a wide range of operating conditions:  entering dry bulb temperatures of 40-120 F, entering wet bulb temperatures of 40-90 F, entering water temperatures of 30-80 F, tube fluid velocities of 0.5-8 ft/s, face velocities of 200-800 ft/min, and four tube fluids (water, 1-60% ethylene glycol/water, 1-60% propylene glycol/water, and 1-30% calcium chloride/water).  In contrast, a typical Trane chilled water cooling coil catalog contains data for two entering water temperatures, three entering dry bulb/entering wet bulb temperature combinations, four water temperature rises, four tube fluid velocities, and four face velocities.  In addition, working backward through a cooling coil catalog is difficult.  The catalogs are constructed so that a coil can be chosen to deliver air at given outlet conditions from given inlet conditions.  Going in the opposite direction to determine the outlet conditions from a given coil for given inlet conditions is very tedious and provides only a limited number of data points.





The coil used to test the simple cooling coil model was a 120 in x 48 in Trane W coil with eight tube rows and 80 aluminum Prima Flo fins per foot.





Data Point Selection for Parameter Estimation





The method used in deciding what data points to use for the parameter estimation is that used in the sensible heat exchanger parameter estimation (see section 2.2.2).  Namely, combinations of high and low values of operational parameters are used.  The four operational parameters for a given chilled water cooling coil are air flow rate, entering dry bulb/wet bulb temperature combination, entering water temperature, and water temperature rise.  Based on the investigation of data point selection for the sensible heat exchanger parameter estimation, the minimum number of data points used was 16.  Tables 3.1-3.3 show results for fitting the three characteristic heat transfer parameters with an increasing number of data points.  Table 3.1 lists relative errors in the calculated heat transfer rate, Table 3.2 lists absolute errors in the calculated leaving dry bulb temperature, and Table 3.3 lists absolute errors in the calculated leaving wet bulb temperature.





Table 3.1  Measures of heat transfer rate error resulting from applying characteristic heat transfer parameters fitted with an increasing number of data points to the Trane W cooling coil data set.
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Table 3.2  Measures of leaving dry bulb temperature error resulting from applying characteristic heat transfer parameters fitted with an increasing number of data points to the Trane W cooling coil data set.
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Table 3.3  Measures of leaving wet bulb temperature error resulting from applying characteristic heat transfer parameters fitted with an increasing number of data points to the Trane W cooling coil data set.
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These tables indicate that little benefit is gained by using an increasing number of data points to fit the characteristic heat transfer parameters.  These results agree with the earlier findings of the sensible heat exchanger study.  Figures 3.3-3.5 illustrate the ability of this model to predict chilled water cooling coil performance using characteristic parameters fitted with 16 catalog data points.  Figure 3.3 is a plot of the calculated heat transfer rate as a function of the catalog total heat transfer rate, Figure 3.4 is a plot of the calculated leaving dry bulb temperature as a function of the catalog leaving dry bulb temperature, and Figure 3.5 is a plot of the calculated leaving wet bulb temperature as a function of the catalog leaving wet bulb temperature.  These figures show the excellent agreement between the predicted performance and the cataloged performance of the coil.
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Figure 3.3  Calculated heat transfer rate vs. catalog heat transfer rate for the Trane W coil using the simple cooling coil model.
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Figure 3.4  Calculated leaving dry bulb temperature vs. catalog leaving dry bulb temperature for the Trane W coil using the simple cooling coil model.
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Figure 3.5  Calculated leaving wet bulb temperature vs. catalog leaving wet bulb temperature for the Trane W coil using the simple cooling coil model.





Extrapolation of Chilled Water Cooling Coil Performance





Like the study of the sensible heat exchanger model, the extrapolation characteristics of the cooling coil model characteristic heat transfer parameters were studied.  However, the ability to extrapolate to operating points beyond those with which the characteristic parameters are fitted is probably not as critical for a cooling coil as it is for a sensible heat exchanger.  The range of operating conditions likely to be seen by a cooling coil is relatively small and is likely to be covered by the data in a catalog or a component selection software package.  To illustrate the extrapolation performance of the simple cooling coil model, Table 3.4 lists relative errors in the calculated heat transfer rate, Table 3.5 list absolute errors in the calculated leaving dry bulb temperature, and Table 3.6 lists absolute errors in the calculated leaving wet bulb temperature.  The lower half results were obtained by fitting the characteristic heat transfer parameters using catalog data points containing only the lower halves of the operating point parameter ranges.  These best-fit characteristic heat transfer parameters were then applied to the entire data set.  The upper half results were obtained in the same manner using catalog data points containing only the upper halves of the operating point parameter ranges.  Even when only one-half of the cataloged operating point parameter ranges are used, the errors are quite small.





Table 3.4  Measures of heat transfer rate error when different portions of the cataloged operating point parameter ranges are used to fit the characteristic heat transfer parameters for the Trane W coil.
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Table 3.5  Measures of leaving dry bulb temperature error when different portions of the cataloged operating point parameter ranges are used to fit the characteristic heat transfer parameters for the Trane W coil.
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Table 3.6  Measure of leaving wet bulb temperature error when different portions of the cataloged operating point parameter ranges are used to fit the heat transfer model parameters for the Trane W coil.
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From Tables 3.4-3.6, the simple cooling coil heat transfer model works well regardless of what range of catalog data was used to fit the characteristic heat transfer parameters.





Parameter Extension to Other Fluids





A cooling coil may use a liquid other than water in the tubes.  Common alternate fluids are ethylene glycol/water, propylene glycol/water, and calcium chloride/water.  These fluids would most likely be used to provide freeze protection.





Most cooling coil catalogs contain data for water flows only.  However, the Trane Company's CDS program allows cooling coil performance to be determined using variable concentrations of aqueous ethylene glycol, propylene glycol, and calcium chloride solutions.





To test the ability of the fitted cooling coil characteristic heat transfer parameters to predict coil performance with other fluids, a data set was compiled for operation of the 120 in x 48 in Trane W coil with eight tube rows and 80 aluminum Prima Flo fins per foot with 50% ethylene glycol/water flowing in the tubes.  The characteristic heat transfer parameters fit from 16 data points using water as the tube fluid were then applied to this data set.  For the 50% ethylene glycol/water data set, Figure 3.6 shows the calculated heat transfer rate as a function of the catalog heat transfer rate, Figure 3.7 shows the calculated leaving dry bulb temperature as a function of the catalog leaving dry bulb temperature, and Figure 3.8 shows the calculated leaving wet bulb temperature as a function of the catalog leaving wet bulb temperature.  Comparison of Figures 3.6-3.8 with Figures 3.3-3.5 shows that the simple model predicts coil performance with comparable accuracy for the two cases of 50% ethylene glycol/water as the tube fluid and water as the tube fluid.
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Figure 3.6  Calculated heat transfer rate vs. catalog heat transfer rate for operation with 50% ethylene glycol/water using characteristic heat transfer parameters fit with water operational data for the Trane W coil using the simple cooling coil model.
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Figure 3.7  Calculated leaving dry bulb temperature vs. catalog leaving dry bulb temperature for operation with 50% ethylene glycol/water using characteristic heat transfer parameters fit with water operation data for the Trane W coil using the simple cooling coil model.
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Figure 3.8  Calculated leaving wet bulb temperature vs. catalog leaving wet bulb temperature for operation with 50% ethylene glycol/water using characteristic heat transfer parameters fit with water operation data for the Trane W coil using the simple cooling coil model.





Table 3.7 compares the errors in heat transfer rate, leaving dry bulb temperature, and leaving wet bulb temperature that result from using other fluids with the characteristic heat transfer parameter values found for water.  The first line of each section in Table 3.7 shows the resulting errors when characteristic heat transfer parameters fitted with water operation data are applied to an entire data set of water operating points.  The second line of each section in Table 3.7 shows the errors that result when these same characteristic heat transfer parameter values are applied to a 50% ethylene glycol/water operation data set.  The third line of each section gives the errors resulting from applying characteristic heat transfer parameters fit with 50% ethylene glycol/water operation data to an entire set of 50% ethylene glycol/water operating points.  It shows that performance predictions can be made with parameter extension as accurately as with fitting the characteristic parameters for the particular fluids.





Table 3.7  Relative errors in heat transfer rate, absolute errors in leaving dry bulb temperature, and absolute errors in leaving wet bulb temperature resulting from characteristic parameter extension for the simple model of a Trane W coil.
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Parameter Extension to Other Geometries





As a further test of the robustness of the fitted characteristic heat transfer parameters, the characteristic parameters fit using catalog data for one coil were modified and applied to a catalog data set for a different but geometrically similar cooling coil.





The three characteristic heat transfer parameters for an 8-row, 120 in x 48 in Trane W cooling coil with 80 Prima Flo fins per foot and turbulators in the tubes were fit using a set of catalog data.  With suitable modifications, these characteristic heat transfer parameters were applied to a similar coil with four rows of tubes rather than eight rows.  Water was used as the tube fluid in both cases.





The characteristic parameters were modified using geometric specifications given in the Trane catalog.  The air-side heat transfer areas of the two coils are related by the ratio of the coil depths, and the water-side heat transfer areas of the two coils are related by the ratio of the number of rows.  Because the convection coefficient-area products are directly proportional to the heat transfer areas, Equations 3.15 and 3.16 are good approximations.  The � EMBED Equation  ��� ratio in Equation 3.15 is a ratio of correction factors used in the convection correlation for flow across a tube bank to account for the number of tube rows.  The tube surface area is assumed to be small relative to the total fin surface area. 
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Modifying the heat transfer coefficient-area product coefficients C1 and C3 results in the model performance illustrated by Figures 3.9-3.11.  Figure 3.9 compares the calculated and catalog heat transfer rates, Figure 3.10 compares the calculated and catalog leaving dry bulb temperatures, and Figure 3.11 compares the calculated and catalog leaving wet bulb temperatures.  The good agreement between the predicted performance and the cataloged performance illustrates the versatility of this parameter estimation technique.
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Figure 3.9  Calculated heat transfer rate vs. catalog heat transfer rate for a 4-row coil using characteristic heat transfer parameters fitted with a similar 8-row coil using the simple cooling coil model.
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Figure 3.10  Calculated leaving dry bulb temperature vs. catalog leaving dry bulb temperature  for a 4-row coil using characteristic heat transfer parameters fitted with a similar 8-row coil using the simple cooling coil model.
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Figure 3.11  Calculated leaving wet bulb temperature vs. catalog leaving wet bulb temperature  for a 4-row coil using characteristic heat transfer parameters fitted with a similar 8-row coil using the simple cooling coil model.








3.3  Generalized Detailed Heat and Mass Transfer Model





The generalized detailed heat and mass transfer model is different from the simple model in that the coil is not treated as being either totally dry or totally wet.  Instead, a partially wet coil is analyzed as a totally dry cooling coil in series with a totally wet cooling coil.  





3.3.1  Detailed Heat and Mass Transfer Model Development





Like the simple cooling coil model, the detailed model uses the heat exchanger analogy method for analyzing the wet portion of the coil.  Because a partially wet coil is treated as a totally dry coil in series with a totally wet coil as illustrated by Figure 3.12, the model requires an iterative solution.  The model iterates on the wet fraction of the coil surface until the liquid temperature entering the dry portion of the coil equals the liquid temperature leaving the wet portion of the coil, and the tube surface temperature at the dry/wet boundary is equal to the entering air dew point temperature.
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Figure 3.12  The detailed cooling coil model treats a partially wet coil as a totally dry coil in series with a totally wet coil.





The detailed model uses the same general equations as the simple model.  However, two sets of characteristic heat transfer parameters are required for the calculation of the heat transfer coefficient-area products:  one set for the dry portion of the coil and one set for the wet portion of the coil.  The heat transfer coefficient-area products must also be modified by the wet fraction of the coil surface because they are directly proportional to the coil surface area.  For example, the heat transfer coefficient-area product for the dry portion of a coil that is 30% dry is equal to 30% of the heat transfer coefficient-area product for the same coil under totally dry conditions.  Equations 3.17 and 3.18 are the heat transfer coefficient-area product equations for the dry portion of the coil, and Equations 3.19 and 3.20 are the heat transfer coefficient-area product equations for the wet portion of the coil.
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3.3.2  Detailed Heat and Mass Transfer Model Performance





The ability of the detailed chilled water cooling coil model to predict coil performance is illustrated by Figures 3.13-3.15, where Figure 3.13 compares the calculated and catalog heat transfer rates, Figure 3.14 compares the calculated and catalog leaving dry bulb temperatures, and Figure 3.15 compares the calculated and catalog leaving wet bulb temperatures.
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Figure 3.13  Calculated heat transfer rate vs. catalog heat transfer rate for the Trane W coil using the detailed cooling coil model.
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Figure 3.14  Calculated leaving dry bulb temperature vs. catalog leaving dry bulb temperature for the Trane W coil using the detailed cooling coil model.
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Figure 3.15  Calculated leaving wet bulb temperature vs. catalog leaving wet bulb temperature for the Trane W coil using the detailed cooling coil model.








The detailed model results of Figures 3.13-3.15 are excellent.  As summarized in Table 3.8, they are better than the simple model results of Figures 3.9-3.11.  The two models use the same equations, but the difference is that the detailed model uses separate sets of characteristic heat transfer parameters for the dry and wet portions of a partially wet coil.  In general, the characteristic heat transfer parameter values for the dry and wet portions are not the same.  This difference occurs because of assumptions used in the heat exchanger analogy method for analyzing wet cooling coils, such as a uniform condensate temperature along the coil surface.  Another possible reason is that the convection coefficient correction factor Cf is not sufficient to characterize a wet cooling coil surface. 





Table 3.8  Comparison of relative errors in heat transfer rate, absolute errors in leaving dry bulb temperature, and absolute errors in leaving wet bulb temperature for the Trane W coil using the simple and detailed cooling coil models.





�





Parameter Extension to Other Fluids





Similar to the analysis of the simple cooling coil model, the ability of the detailed model characteristic parameters to predict cooling coil performance for tube fluids other than that with which the parameters were fit has been investigated.  Using the Trane Company's CDS program, a data set describing the performance of the 120 in x 48 in Trane W coil with eight tube rows and 80 aluminum Prima Flo fins per foot with 50% ethylene glycol/water flowing in the tubes was compiled for a variety of air and liquid flow rates and temperatures.  Characteristic heat transfer parameters for the dry portion of the coil were determined using 16 totally dry operating data points for which water flowed through the tubes.  These operating points were known to result in totally dry operation of the coil because very low wet bulb temperature were chosen, which resulted in no sensible heat transfer as calculated by the CDS program.  Characteristic heat transfer parameters for the wet portion of the coil were calculated from 16 totally wet operating data points for which water was used as the tube fluid.  These points were constrained to result in totally wet coil operation by setting the air inlet wet bulb temperature equal to the inlet dry bulb temperature.  Water vapor would immediately begin condensing from this saturated air as it contacts the cool tube surface.  





Applying these two sets of characteristic heat transfer parameters to the 50% ethylene glycol/water data results in the model performance illustrated by Figures 3.16-3.18.  Figure 3.16 plots the calculated heat transfer rate against the catalog heat transfer rate, Figure 3.17 plots the calculated leaving dry bulb temperature against the catalog leaving dry bulb temperature, and Figure 3.18 plots the calculated leaving wet bulb temperature against the catalog leaving wet bulb temperature.  The predicted performance agrees very well with the cataloged performance.
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Figure 3.16  Calculated heat transfer rate vs. catalog heat transfer rate for operation with 50% ethylene glycol/water using characteristic parameters fit with water operational data for the Trane W coil using the detailed cooling coil model.
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Figure 3.17  Calculated leaving dry bulb temperature vs. catalog leaving dry bulb temperature for operation with 50% ethylene glycol/water using characteristic parameters fit with water operation data for the Trane W coil using the detailed cooling coil model.
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Figure 3.18  Calculated leaving wet bulb temperature vs. catalog leaving wet bulb temperature for operation with 50% ethylene glycol/water using characteristic parameters fit with water operation data for the Trane W coil using the detailed cooling coil model.


Table 3.9 compares the errors in heat transfer rate, leaving dry bulb temperature, and leaving wet bulb temperature that result from extension of the characteristic heat transfer parameters.  The first line of each section in Table 3.9 shows the resulting errors when characteristic heat transfer parameters fitted with water operation data are applied to an entire data set of water operating points.  The second line of each section in Table 3.7 shows the errors that result when these same characteristic heat transfer parameter values are applied to a 50% ethylene glycol/water operation data set.








Table 3.9  Relative errors in heat transfer rate, absolute errors in leaving dry bulb temperature, and absolute errors in leaving wet bulb temperature resulting from characteristic parameter extension for the detailed model of a Trane W coil.
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In comparing Table 3.9, which deals with the capabilities of the detailed cooling coil model, to Table 3.7, which deals with the capabilities of the simple cooling coil model, it can be seen that the detailed model can better predict coil performance by parameter extension to other fluids, often with errors decreased by a factor of 2 or 3.  This comparison is summarized in Table 3.10.





Table 3.10  Comparison of relative errors in heat transfer rate, absolute errors in leaving dry bulb temperature, and absolute errors in leaving wet bulb temperature resulting from the extension of characteristic parameters for the Trane W coil using the simple and detailed cooling coil models.
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3.4  Generalized Pressure Drop Model Performance





The cooling coil pressure drop model is identical to that of the sensible heat exchanger, which is repeated as Equations 3.21 and 3.22.  However, the characteristic air pressure drop parameters must be fit separately for dry operation and wet operation.  The reason for this can be seen in Figure 3.19, which plots the air pressure drop through 80 Prima Flo fins per foot as a function of coil face velocity for both dry and wet coils.
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Figure 3.19  Air pressure drop vs. coil face velocity for the Trane W coil with 80 Prima Flo fins per foot under both dry and wet operating conditions.





Figure 3.19 shows that for a given coil face velocity, the pressure drop for a wet coil is greater than that for a dry coil.  The difference between the pressure drop curves is most likely due to differences in the flow area.  The condensate film on the fins results in a slightly smaller flow area for a wet coil than for a dry coil.  The decreased minimum free-flow area and accompanying increased velocity result in the greater air pressure drop across a wet coil.





When separate sets of characteristic air pressure drop parameters are fit for dry operation and wet operation of the coil, the fits of Figures 3.20 and 3.21 are obtained.  Figure 3.20 shows the calculated air pressure drop against the catalog air pressure drop resulting from fitting the two characteristic air pressure drop parameters for a dry coil, while Figure 3.21 plots the same quantities but for a wet coil.  These results are similar to those of the sensible heat exchanger and show that the same pressure drop models are valid for cooling coils.
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Figure 3.20  Calculated air pressure drop vs. catalog air pressure drop for flow through 80 Prima Flo fins per foot for a dry coil.
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Figure 3.21  Calculated air pressure drop vs. catalog air pressure drop for flow through 80 Prima Flo fins per foot for a wet coil.











Figure 3.22 compares the calculated water pressure drop to the catalog water pressure drop for an 8-row Trane W cooling coil with turbulators.  The results are excellent, meaning that the inner fluid pressure drop correlation of Equation 3.20 is valid.
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Figure 3.22  Calculated water pressure drop vs. catalog water pressure drop through an 8-row Trane W cooling coil with turbulators.





3.5  TRNSYS Chilled Water Cooling Coil Models





A TRNSYS Type 95 Cooling Coil component has been written using the simple heat and mass transfer model, and a Type 94 Cooling Coil component been written using the detailed heat and mass transfer model.  The performances of these two models have been compared to the existing Type 52 Cooling Coil component using a simple TRNSYS deck.





3.5.1  TRNSYS Type 95 Cooling Coil





A TRNSYS Type 95 Cooling Coil has been written that is based on the simple model of treating the coil as either totally dry or totally wet.  The FORTRAN code for this component can be found in Appendix B.  The TRNSYS Type 95 reference documentation is in Appendix F.





The component model requires five inputs:  the inlet air dry bulb temperature, the inlet air wet bulb temperature, the air mass flow rate, the inlet liquid temperature, and the liquid mass flow rate.





Fifteen parameters are required for the model to calculate the cooling coil performance.  Three of the parameters are the fitted characteristic heat transfer parameters:  the air-side convection coefficient-area product coefficient, the air side Reynolds number exponent, and the liquid-side convection coefficient-area product coefficient.  The type of liquid flowing through the tubes and its composition are both indicated by parameter values.  The constant specific heats of the air and the liquid are required.  The only parameters concerning the specific geometry of the cooling coil are the face area and whether turbulators are present in the tubes.  One parameter constrains the model to treat the coil as either totally dry or totally wet and is used only when fitting the characteristic pressure drop parameters.  The remaining five parameters are the characteristic pressure drop parameters.  Air pressure drop coefficients and air side Reynolds number exponents are needed for both dry and wet operation.  The final parameter is a liquid pressure drop coefficient. 





Subroutines DRYCOIL and WETCOIL are used to calculate coil performance for totally dry and totally wet operation, respectively.  The code for these subroutines can be found in Appendix B.  DRYCOIL uses the heat exchanger effectiveness-Ntu equations to calculate the heat transfer rate and the leaving dry bulb temperature.  Because no condensation occurs in the dry coil, the leaving wet bulb temperature can be easily calculated with the TRNSYS PSYCH subroutine using the leaving dry bulb temperature and the inlet humidity ratio.  WETCOIL calculates cooling coil performance using the heat exchanger analogy method, which allows the heat exchanger effectiveness-Ntu equations to be used on an enthalpy basis rather than a temperature basis.  This subroutine is more complicated and is more reliant on psychrometric relations.





After DRYCOIL and WETCOIL are called, comparisons are made to determine whether totally dry operation or totally wet operation better approximates the actual operating point.  If the air inlet dew point temperature is less than the entering liquid temperature the air will never reach its dew point, and the coil will be totally dry.  If the air inlet dew point temperature is higher than the entering liquid temperature but lower than the tube surface temperature at the inlet, the air will reach its dew point somewhere within the coil.  Condensation will occur, and the coil will be partially wet.  The partially wet coil will be approximated as being either totally dry or totally wet, whichever has the greater total heat transfer.  Treating the coil as totally dry underestimates the total heat transfer rate because latent heat transfer is neglected.  Assuming the coil is totally wet also underestimates the total heat transfer rate.  For the coil to be totally wet, moisture would need to be added to the air.  The heat transfer to the air required to maintain its entering dry bulb temperature as this moisture is added would reduce the calculated net heat transfer rate from the air.  Finally, the coil will be totally wet if the air entering dew point temperature is higher than the tube surface temperature at the inlet.





The Type 95 cooling coil component has 11 outputs.  The air leaving dry bulb temperature, leaving wet bulb temperature, and mass flow rate are the first three outputs.  The leaving liquid temperature and mass flow rate are next.  The sensible heat transfer rate, latent heat transfer rate, and total heat transfer rate are also outputs.  The pressure drops of the air and liquid follow, with the final output being the wet fraction of the coil surface (either 0 or 1).  


  


3.5.2  TRNSYS Type 94 Cooling Coil





A TRNSYS Type 94 component that uses the detailed cooling coil model has been written.  The code can be found in Appendix B.  The TRNSYS Type 94 reference documentation is in Appendix F.





The Type 94 cooling coil requires the same five inputs as the Type 95 cooling coil:  inlet air dry bulb temperature, inlet air wet bulb temperature, air mass flow rate, inlet liquid temperature, and liquid mass flow rate.





Eighteen parameters are required rather than the 15 parameters required by the Type 95 simple cooling coil model.  The difference is due to the use of separate sets of characteristic heat transfer parameters for dry and wet portions of the coil.  As a result, six fitted characteristic heat transfer parameters are required:  the air-side convection coefficient-area product coefficient, the air-side Reynolds number exponent, and the liquid-side convection coefficient-area product coefficient are required for both dry and wet operation.  Parameters denoting the air specific heat, the type of liquid flowing in the tubes, its composition, and its specific heat are also required.  The coil face area and a flag indicating whether turbulators are used in the tubes are the only parameters concerned with the specific construction of the coil.  A parameter constraining the model to treat the coil as either totally dry or totally wet is also used in the parameter estimation routine.  The five remaining parameters are fitted characteristic pressure drop parameters: the air pressure drop coefficient and Reynolds exponent for both wet and dry operation, and the liquid pressure drop coefficient.





An iterative procedure using subroutines DRYCOIL and WETCOIL to calculate the performance of the dry and wet portions of the coil, respectively, is required to calculate the wet fraction of the coil surface.  The coil performance is first calculated as if the coil is totally dry.  If the tube surface temperature at the air outlet is higher than the air inlet dew point temperature, the coil is treated as totally dry and no further calculations are required.  The tube surface temperature is calculated using the relative magnitudes of the two convective heat transfer resistances in series.





If the coil is not totally dry, the possibility of the coil being totally wet is investigated.  If the calculated tube surface temperature at the air inlet is lower than the air inlet dew point temperature, the coil is treated as totally wet and no further calculations are performed.





When the coil cannot be treated as either totally dry or totally wet, the wet fraction of the coil surface must be calculated iteratively.  Because condensation will begin at the point on the coil surface where the surface temperature is equal to the air entering dew point temperature, the wet fraction of the coil surface is determined by minimizing the difference between the dry/wet boundary surface temperature and the air dew point temperature.  The coil will have already been analyzed for totally dry operation and totally wet operation, so two values of this error will have already been calculated.  From the calculations for totally dry operation, the error is equal to the outlet surface temperature minus the air dew point temperature and is negative.  From the calculations for totally wet operation, the error is equal to the inlet surface temperature minus the air dew point temperature and is positive.  Therefore, somewhere between these two points the surface temperature is equal to the air dew point temperature.  This point corresponds to the wet fraction of the coil surface.  As illustrated by Figure 3.23, the wet fraction of the coil surface corresponds to the point where the dry/wet boundary surface temperature equals the air dew point temperature.  The wet fraction of the coil surface is calculated independently for each operating point.
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Figure 3.23  Location of the wet fraction of a coil surface for a partially wet coil.





An initial guess for the wet fraction of the coil surface is calculated from the air dew point temperature, the inlet dry bulb temperature, and the entering liquid temperature using Equation 3.23.





� EMBED "Equation" \* mergeformat  ���                                             (3.23)





Subroutines DRYCOIL and WETCOIL are then called iteratively until the temperature of the liquid entering the dry portion of the coil is equal to the temperature of the liquid leaving the wet portion of the coil.  DRYCOIL and WETCOIL are called in succession.  The liquid temperature entering the dry portion of the coil in the current iteration is taken as the liquid temperature leaving the wet portion of the coil from the previous iteration.  The state of the air leaving the dry portion of the coil is determined using this liquid temperature, the known entering air conditions, and the effectiveness-Ntu equations.  The wet portion of the coil can then be analyzed using the air state leaving the dry portion, the known entering liquid temperature, and the heat exchanger analogy equations.  A new estimate of the liquid temperature leaving the wet portion of the coil is calculated.  Iterations continue until the difference between two successive calculations of the liquid temperature leaving the wet portion of the coil is sufficiently small.





Once the correct liquid temperature at the dry/wet boundary has been determined, the error between the calculated surface temperature at the dry/wet boundary and the entering air dew point temperature is calculated.  Using this error in conjunction with the previously calculated errors for totally dry and totally wet operation, the bounds surrounding the calculated wet fraction of the coil surface are adjusted.  A new guess for the wet fraction of the coil surface is calculated using a linear interpolation between the two boundary points.  The program then calculates a new liquid temperature at the dry/wet boundary, followed by a calculation of a new guess for the wet fraction of the coil surface.  Iterations of this entire process are performed until the difference between two successive guesses of the wet fraction of the coil surface is suitably small.  Figure 3.24 illustrates this iterative procedure as successive estimates of the wet fraction of the coil surface converge to the final, calculated wet fraction of the coil surface.
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Figure 3.24  Iterative procedure to determine the wet fraction of a cooling coil surface.





The 11 outputs are the same as those of the Type 95 component.  Outputs concerning the air flow are the outlet dry bulb temperature, the outlet wet bulb temperature, the mass flow rate, and the pressure drop.  Outputs concerning the liquid flow are the outlet liquid temperature, the mass flow rate, and the pressure drop.  The remaining four outputs are the sensible heat transfer rate, the latent heat transfer rate, the total heat transfer rate, and the wet fraction of the coil surface.





3.5.3  Comparison of TRNSYS Type 52, Type 95, and Type 94  


         Cooling Coils





With the development of the Type 94 and 95 Cooling Coil models, there are three cooling coil models based on fundamental heat and mass transfer equations.  The Type 52 Cooling Coil also uses the heat exchanger analogy method, but it requires parameters such as the inside tube diameter, the thermal conductivity of the tube material, and the individual fin thickness.  Type 52 is suitable for cooling coil design.  The user can choose either a simple analysis or a detailed analysis, where the simple analysis assumes the coil is either totally dry or totally wet and the detailed analysis calculates the wet fraction of the coil surface.  These analysis modes correspond to the Type 95 and Type 94 models, respectively.  A third cooling coil component, Type 32, also exists but was not considered.  The Type 32 model relies on empirical relationships from ASHRAE rather than fundamental relations.





A simple TRNSYS deck was constructed to compare the calculated performances of the Type 52, 94, and 95 Cooling Coils.  The test system for which the deck was constructed is shown in Figure 3.25.
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Figure 3.25  Schematic of the TRNSYS system used to compare the Type 52, 94, and 95 Cooling Coil components.





In this system, 17,000 kg/hr (approximately 75 gpm) of 5 C chilled water is supplied to the coil by a pump while 41,000 kg/hr (approximately 20,000 scfm) of ambient air is blown across the coil surface by a fan.  The pump and the fan are controlled by a perfect controller, which turns on the equipment when the ambient temperature is greater than the chilled water temperature of 5 C.  





Annual simulations were run with the test deck using the Type 52, Type 94, and Type 95 Cooling Coil components.  Geometric specifications and conductivities required by Type 52 were based on tabulated property data and estimations using cataloged dimensions and diagrams.  For simulation runs using the new Type 94 and Type 95 models, Figure 3.26 shows the integrated total heat transfer rate as a function of time, Figure 3.27 shows the integrated sensible heat transfer rate as a function of time, and Figure 3.28 shows the integrated latent heat transfer rate as a function of time.
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Figure 3.26  Integrated total heat transfer rate vs. time for annual simulations of the chilled water cooling coil test deck using Types 94 and 95.
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Figure 3.27  Integrated sensible heat transfer rate vs. time for annual simulations of the chilled water cooling coil test deck using Types 94 and 95.
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Figure 3.28  Integrated latent heat transfer rate vs. time for annual simulations of the chilled water cooling coil test deck using Types 94 and 95.





In general, the assumption of treating the coil as either totally dry or totally wet is expected to underestimate the heat transfer rate by approximately 5%.  Table 3.11 shows the differences in the sensible, latent, and total heat transfer rates when the Type 52 simple analysis and detailed analysis modes are compared and when Types 95 and 94 are compared.








Table 3.11  Fractional differences between heat transfer rates calculated by simple models and detailed models.
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The simple and detailed modes of Type 52 are in excellent agreement with the maximum error of about 4% occurring in the latent heat transfer rate.  However, much larger differences are seen in the results of Types 95 and 94, especially in the latent heat transfer rate.  When the difference in the instantaneous latent heat transfer rates as calculated by Types 95 and 94 are plotted as a function of time, the result is a plot similar to Figure 3.29.
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Figure 3.29  Difference in instantaneous latent heat transfer rates between Types 95 and 94 over the course of one year.  Darker regions represent a higher density of data points, and lighter regions represent a lower density of data points.





In Figure 3.29, the lighter area has relatively few plotted points.  In this region, the difference between the calculated instantaneous latent heat transfer rates is relatively large.  This difference most likely results when coils that are substantially wet are treated as totally dry by the Type 95 model.  The darker area is the region with the most plotted points.  The difference is relatively small in this region.  In this area, the difference likely results from a predominantly dry coil being treated as totally dry by the Type 95 model.  These ideas are supported by Figure 3.30,  which shows the difference in the instantaneous heat transfer rates calculated by Types 95 and 94 as a function of the relative humidity of the outdoor air being blown across the coil.  Again, darker regions represent a higher density of data points, and lighter regions represent a lower density of data points.
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Figure 3.30  Difference in instantaneous latent heat transfer rates calculated by Types 95 and 94 as a function of ambient relative humidity.  Darker regions represent a higher density of data points, and lighter regions represent a lower density of data points.





The greatest differences occur at relative humidities of 40-60% when it is likely that a significant portion of the coil surface is wet, but the entire coil may be treated as totally dry by the Type 95 model.  As the outdoor air relative humidity increases, the difference between the instantaneous latent heat transfer rates calculated by the two new cooling coil models decreases.  A greater relative humidity means that a greater portion of the coil surface will be wet, and the Type 95 model is more likely to treat the coil as totally wet.





As the ambient relative humidity nears 100% and the outdoor air nears saturation, treating the coil as totally wet becomes a better approximation.  However, as illustrated by Figure 3.30, the Type 95 model still tends to underpredict the latent heat transfer.  One possible reason for this is due to the catalog data points chosen to fit the characteristic heat transfer parameters.  None of the data points used to fit the characteristic parameters were saturated (i.e. equal dry bulb and wet bulb temperatures) at the coil entrance.  Varying numbers of saturated data points were substituted into the 16 point data set.  Table 3.12 shows the fractional differences in the integrated total, sensible, and latent heat transfer rates over one year as calculated by Types 94 and 95 when an increasing number of data points with saturated inlet air are used in the parameter estimation for the Type 95 Cooling Coil.





Table 3.12  Differences in the integrated sensible, latent, and total heat transfer rates over one year as calculated by Types 95 and 94 for a variable number of saturated data points used in the parameter estimation.
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As more saturated data points are included in the data set for fitting the Type 95 characteristic heat transfer parameters, there is less difference in the integrated latent heat transfer rate as calculated by the Type 95 and 94 models.  However, there is still a significant difference.  One possible reason is that fitting the characteristic heat transfer parameters by minimizing the difference between the calculated and catalog total heat transfer rates is done at the expense of the latent heat transfer rates.  The latent heat transfer rate is generally only 30-40% as large as the sensible heat transfer rate, so the sensible heat transfer rate dominates in the parameter estimation routine.  A second possibility for the remaining difference is that the wet surface convection coefficient correction factor Cf  does not sufficiently characterize a wet coil surface.  Type 95 cannot avoid this problem because it uses the same set of characteristic heat transfer parameters for both a totally dry coil and a totally wet coil.  Type 94, however, can avoid this problem because separate sets of characteristic heat transfer parameters are used.  Any effects unaccounted for by Cf  are lumped into the wet coil convection coefficient-area product coefficient C1, wet during the parameter estimation.
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Figure 3.31  Integrated total heat transfer rate vs. time for annual simulations of the chilled water cooling coil test deck using Types 52 and 94.





Figure 3.31 compares the integrated total heat transfer rates as calculated by Types 52 and 94.  Similar results were seen for the integrated sensible heat transfer rates and the integrated latent heat transfer rates.  Type 94 calculates the wet fraction of the coil, and Type 52 was run in its mode for calculating the wet fraction of the coil rather than treating the coil as totally dry or totally wet.  One possible reason for the discrepancy between the calculated heat transfer rates seen in Figure 3.31 is differences between the Type 52 model and the Trane CDS model used to generate the performance data with which the Type 94 characteristic heat transfer parameters were fit.  A second reason for these differences is the specifications required by the Type 52 model.  To use a Type 52 model in the test system of Figure 3.25, geometric specifications and material properties are required.  Ultimately, these values are guesses based on diagrams and other information contained in the cooling coil catalog in addition to property data taken from other sources.





3.6  Conclusions





The simple and detailed cooling coil models have both proven able to accurately replicate catalog data.  This capability also was seen to extend to extrapolation beyond the operating conditions with which the characteristic parameters were fit.  Similar results were observed when the characteristic parameters were applied to a catalog data set using a different liquid.  The detailed cooling coil model performed better than the simple cooling coil model because it is capable of treating the coil surface as partially wet rather than either totally dry or totally wet.





In TRNSYS annual simulations, differences were seen in the behaviors of the new cooling coil models.  The cause of these differences is unclear.  It may be because the simpler Type 95 model forces each operating condition to be treated as either totally dry or totally wet, and the best-fit values of the characteristic parameters would be sensitive to the catalog data points used in the parameter estimation routine.  The differences could also be caused by problems with the wet surface convection coefficient correction factor Cf.  The simpler Type 95 model would have difficulty in dealing with wet surfaces whereas the more detailed Type 94 model could compensate for deficiencies in Cf due to the number of characteristic parameters required.





TRNSYS annual simulation results for the two new cooling coil models showed differences from those of the existing Type 52 model because of the detailed specifications required by this model.





The pressure drop models developed for sensible heat exchangers have shown to be applic
