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DIRECT EXPANSION COOLING COILS
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Direct expansion cooling coils are used in place of chilled water cooling coils in small building energy systems.  Rather than pumping water through an evaporator and then to a cooling coil, the refrigerant is throttled directly to a direct expansion cooling coil.  The refrigerant enters the direct expansion cooling coil as a two-phase fluid and leaves as vapor, often slightly superheated, to return to the compressor.  A direct expansion cooling coil looks very similar to a chilled water cooling coil as shown by Figure 4.1.
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Figure 4.1  Schematic of a direct expansion cooling coil.





A direct expansion cooling coil model has been developed in a manner similar to that in which the sensible heat exchanger and chilled water cooling coil models were developed.  Due to the phase change occurring within the coil tubes, the refrigerant-side heat transfer coefficient-area product uses a boiling heat transfer correlation.  Like the other models, the definition of characteristic parameters eliminates the need for detailed specifications about the construction of the coil.





4.1  Existing Models and Correlations





Numerous boiling heat transfer correlations can be found that could be used in predicting the performance of a direct expansion cooling coil.  Among the simplest is that of Pierre (Rohsenow and Hartnett, 1973), Equation 4.1.  This correlation is similar to the correlation used in the final direct expansion cooling coil model.
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A much more complicated boiling heat transfer correlation is that of Takamatsu, Momoki, and Fujii (1993).  This correlation calculates the refrigerant-side heat transfer coefficient as the sum of the convective heat transfer coefficient and the nucleate pool boiling heat transfer coefficient.  The convective heat transfer coefficient is calculated using a modified single-phase heat transfer correlation.  In addition to two empirical constants, calculation of the nucleate pool boiling heat transfer coefficient requires several intermediate quantities such as a factor characterizing the suppression of nucleate boiling by the forced convective flow.  This method is not suitable because of the number of parameters required and the case-dependency of the values of some of these parameters. 





Empirical correlations for the overall performance of a direct expansion cooling coil can also be found.  Stoecker (1975) provides a model in Equations 4.2-4.5 that is similar to the empirical chilled water cooling coil model presented earlier.  The total heat transfer rate is calculated using the base rating of the direct expansion cooling coil BRDX and correction factor CF.  The leaving wet bulb temperature is calculated from the wet bulb depression factor WBDF.  EWB is the entering wet bulb temperature, Tref is the refrigerant saturation temperature, FPM is the coil face velocity in ft/min, LDB is the leaving dry bulb temperature, LWB is the leaving wet bulb temperature, and EWB is the entering wet bulb temperature.  The number of empirical parameters to be fit would make this method difficult to use in modeling a cataloged direct expansion cooling coil.
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As illustrated by Equations 4.6-4.8, similar equations are used in the direct expansion cooling coil performance model of the DOE 2.1 building system simulation program (Brandemuehl et al., 1992).  Two capacity correction factors are used:  fcap, t is a temperature correction factor, and fcap, m is a mass flow rate correction factor.  Although this model requires only one operating point at rated conditions, it is unknown how general the coefficients in Equations 4.7 and 4.8 are.  Also, this model uses the bypass factor approach to calculate the sensible heat ratio.  The bypass factor approach tends to overestimate dehumidification.  For these reasons, the DOE 2.1 model is not used in the model developed for this project.  
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The heat exchanger analogy method (Braun et al., 1989) can also be used similarly to the way in which it was used to model chilled water cooling coils.  Modifications must be made to the model to account for the fact that the boiling refrigerant has an effectively infinite specific heat.  As a result, the effectiveness for a heat exchanger with a capacitance rate ratio of 0 must be used.  The air also always has the minimum mass capacitance rate.





4.2  Generalized Heat and Mass Transfer Model





Like the chilled water cooling coil models, the direct expansion cooling coil model developed in this thesis uses the heat exchanger analogy method to calculate cooling coil performance.  This simple model considers the coil to be either totally dry or totally wet.  Like the simple cooling coil model, performance calculations are made for both totally dry and totally wet operation.  Comparisons involving the entering dew point temperature, the tube surface temperature at the air inlet, and the refrigerant saturation temperature are used to determine whether the coil should be treated as either totally dry or totally wet.





4.2.1  Heat and Mass Transfer Model





Like the sensible heat exchanger model and the chilled water cooling coil models, the direct expansion cooling coil is modeled as two heat transfer resistances in series:  an air-side resistance and a refrigerant-side resistance.  The air-side heat transfer coefficient-area product is calculated in the same way as in the chilled water cooling coil models.  These equations are repeated as Equations 4.9 and 4.10 for a dry coil and for a wet coil, respectively.
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The refrigerant-side heat transfer coefficient-area product combines a correlation of the Trane Company (Keuper, 1996) with the correlation of Pierre, Equation 4.1.  Because boiling heat transfer correlations tend to be specific to a given problem, the Trane Company correlation is based on direct expansion cooling coil experimental data.  The correlation, given as Equation 4.11, is a curve fit of the refrigerant-side heat transfer resistance as a function of the loading per circuit and the equivalent length of the coil.  
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The equivalent length accounts for the decreased heat transfer coefficient in the superheated portion of the coil.  The heat transfer coefficient for the vapor flow in the superheated portion is much smaller than the heat transfer coefficient for the two-phase flow in the rest of the coil.  Equation 4.11 can be simplified to give Equation 4.12.
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This resistance can be put into the form of a heat transfer coefficient-area product by recognizing that the heat transfer coefficient-area product is the inverse of the heat transfer resistance, the loading per circuit is proportional to the total heat transfer rate, and the equivalent length of a given coil can be taken to be constant.  Applying these ideas results in Equation 4.13, where � EMBED Equation  ��� is the inner fluid (refrigerant) mass flow rate, � EMBED Equation  ��� is the enthalpy change of the inner fluid, and n and p are a general coefficient and exponent, respectively.
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To make the correlation of Equation 4.13 general enough for the purposes of this project, fluid properties need to be introduced.  To do this, the form of Equation 4.13 can be compared to that of the Pierre correlation.  The thermal conductivity of saturated liquid refrigerant appears from the definition of the Nusselt number.  The Reynolds number also appears in the Pierre correlation, so the dynamic viscosity must appear in the denominator below the mass flow rate.  Finally, the exponent can be taken as an average value equal to 0.45.  The result is Equation 4.14, the refrigerant-side heat transfer coefficient-area product used in the direct expansion cooling coil model.
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4.2.2  Heat and Mass Transfer Model Performance





Performance of the direct expansion heat and mass transfer model was investigated in the same manner as the sensible heat exchanger and chilled water cooling coil models.





The coil used to test the direct expansion cooling coil model was a 12 in x 12 in Trane F coil with eight tube rows and 100 aluminum Sigma Flo fins per foot.  Data points were generated with the Trane CDS refrigerant coil selection program. 





Data Point Selection for Parameter Estimation





The selection of data points for fitting the characteristic parameters of the direct expansion cooling coil model uses the same method that was used in selecting catalog data points for the sensible heat exchanger and chilled water cooling coil models.  Combinations of high and low values of operational parameters were used.  The operational parameters for the direct expansion cooling coil are air flow rate, entering dry bulb/wet bulb temperature combination, condensing temperature, and evaporating temperature.  Tables 4.1-4.3 show errors in heat transfer rate, leaving dry bulb temperature, and leaving wet bulb temperature, respectively, resulting from fitting the characteristic heat transfer parameters with an increasing number of catalog data points.





Table 4.1  Measures of heat transfer rate error resulting from applying parameters fitted with an increasing number of data points to the Trane F direct expansion cooling coil data set for operation with R-12.
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Table 4.2  Measures of dry bulb temperature error resulting from applying parameters fitted with an increasing number of data points to the Trane F direct expansion cooling coil data set for operation with R-12.
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Table 4.3  Measures of wet bulb temperature error resulting from applying parameters fitted with an increasing number of data points to the Trane F direct expansion cooling coil data set for operation with R-12.
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These results show trends similar to those seen when investigating the sensible heat exchanger and chilled water cooling coil models.  Using a large number of catalog data points to fit the characteristic heat transfer parameters offers little improvement in the results.  However, in contrast to the 16 catalog data points required by the other models, Tables 4.1-4.3 suggest that 30 data points might be optimum for the direct expansion cooling coil model.  A possible reason for this is a difference in assumptions regarding degrees superheating and subcooling between this model and that of the CDS program.  For example, the characteristic heat transfer parameters were fitted assuming saturated vapor at the coil outlet whereas the CDS model may assume a given number of degrees superheating at the coil outlet.





It is unclear why the bias errors for the heat transfer rate and the leaving wet bulb temperature increase as an increasing number of catalog data points are used to fit the characteristic heat transfer parameters.  It may be because the results are sensitive to which data points are used when the characteristic heat transfer parameters are fit with relatively few catalog data points.





Figures 4.2-4.4 show the performance of the model using the characteristic heat transfer parameters fitted from 10 catalog data points by plotting the calculated and catalog heat transfer rates, leaving dry bulb temperatures, and leaving wet bulb temperatures, respectively.  Even when using only 10 catalog data points, the results are very good overall and look similar to those of the simple chilled water cooling coil model.
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Figure 4.2  Calculated heat transfer rate vs. catalog heat transfer rate for R-12 operation using the characteristic heat transfer parameters fitted using 10 catalog data points for the Trane F direct expansion cooling coil.
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Figure 4.3  Calculated leaving dry bulb temperature vs. catalog leaving dry bulb temperature for R-12 operation using the characteristic heat transfer parameters fitted using 10 catalog data points for the Trane F direct expansion cooling coil.
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Figure 4.4  Calculated leaving wet bulb temperature vs. catalog wet bulb temperature for R-12 operation using the characteristic heat transfer parameters fitted using 10 catalog data points for the Trane F direct expansion cooling coil.





Extrapolation of Direct Expansion Cooling Coil Performance





Because of the limited available catalog data, it is important that the direct expansion cooling coil model be able to accurately predict performance at conditions outside those at which the characteristic parameters were fit.  The characteristic parameters were fit using three methods:  using the entire ranges of the four operational parameters, using the lower halves of the ranges of the four operational parameters, and using the upper halves of the ranges of the four operational parameters.   Tables 4.4 lists the heat transfer rate errors, Table 4.5 lists the leaving dry bulb temperature errors, and Table 4.6 lists the leaving wet bulb temperature errors that result when the fitted characteristic heat transfer parameters are applied to the entire set of catalog data.  Like the sensible heat exchanger and chilled water cooling coil models, comparable results are obtained no matter whether the entire cataloged ranges or only a portion of them are used.





Table 4.4  Measures of heat transfer rate error when different ranges of catalog data are used to fit the characteristic heat transfer parameters for the Trane F coil.
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Table 4.5  Measures of leaving dry bulb temperature error when different ranges of catalog data are used to fit the characteristic heat transfer parameters for the Trane F coil.
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Table 4.6  Measures of leaving wet bulb temperature error when different ranges of catalog data are used to fit the characteristic heat transfer parameters for the Trane F coil.
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Parameter Extension to Other Refrigerants





Direct expansion cooling coils may use a variety of refrigerants.  It is therefore important that the model be able to predict coil performance for refrigerants other than that with which the characteristic parameters were fit.  However, catalog data is generally available only for operation with either R-12 or R-22.  To test the capability of the fitted characteristic heat transfer parameters to be extended to predict coil performance with other refrigerants, the characteristic heat transfer parameters were fitted with R-12 operation data points and applied to a set of R-22 operation data points.  Tables 4.7-4.9 show the resulting errors when characteristic parameters fitted with R-12 operation data is used to predict coil performance with R-22.  Table 4.7 compares the calculated and catalog heat transfer rates, Table 4.8 compares the calculated and catalog leaving dry bulb temperatures, and Table 4.9 compares the calculated and catalog leaving wet bulb temperatures.  Like the previous results, no significant improvement in the results is seen when more than approximately 30 catalog data points are used to fit the characteristic heat transfer parameters.  





Table 4.7  Relative errors in heat transfer rate resulting from applying characteristic parameters fit with R-12 operation data to R-22 operation data for the Trane F coil.
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Table 4.8  Absolute errors in leaving dry bulb temperature resulting from applying characteristic parameters fit with R-12 operation data to R-22 operation data for the Trane F coil.
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Table 4.9  Absolute errors in leaving wet bulb temperature resulting from applying characteristic parameters fit with R-12 operation data to R-22 operation data for the Trane F coil.
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Figures 4.5-4.7 display the calculated and catalog heat transfer rates, leaving dry bulb temperatures, and leaving wet bulb temperatures, respectively, when characteristic heat transfer parameters fitted with R-12 operation catalog data points are applied to a set of R-22 operation catalog data points.  The results look similar to the plots for R-12 operation given in Figures 4.2-4.4.
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Figure 4.5  Calculated heat transfer rate vs. catalog heat transfer rate for R-22 operation using the characteristic heat transfer parameters fitted using 30 catalog data points for R-12 operation  of the Trane F direct expansion cooling coil.
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Figure 4.6  Calculated leaving dry bulb temperature vs. catalog leaving dry bulb temperature for R-22 operation using the characteristic heat transfer parameters fitted using 30 catalog data points for R-12 operation of the Trane F direct expansion cooling coil.
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Figure 4.7  Calculated leaving wet bulb temperature vs. catalog wet bulb temperature for R-22 operation using the characteristic heat transfer parameters fitted using 30 catalog data points R-12 operation of the Trane F direct expansion cooling coil.





Parameter Extension to Other Geometries





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





The three characteristic heat transfer parameters for an 8-row, 12 in. x 12 in. Trane F direct expansion cooling coil with 100 Sigma Flo fins per foot and vertically-split circuiting 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.  The refrigerant R-12 was used in both cases.





The characteristic parameters were modified using geometric specifications given in the Trane catalog.  The air-side heat transfer area is related to the ratio of the coil depths, and the refrigerant-side heat transfer area is related to the ratio of the number of rows.  Because the convection coefficient-area products are directly proportional to the heat transfer areas, Equations 4.15 and 4.16 used in the corresponding analysis of chilled water cooling coils continue to be good approximations.  The tube surface area is assumed to be small relative to the total fin surface area. 
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Modifying the convection coefficient-area product coefficients C1 and C3 results in the direct expansion coil model performance illustrated by Figures 4.5-4.7.  The good agreement between the predicted performance and the cataloged performance is similar to that seen in addressing the same issue with chilled water cooling coils.
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Figure 4.8  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.
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Figure 4.9  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.
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Figure 4.10  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.





4.3  TRNSYS Direct Expansion Cooling Coil Models





A TRNSYS Type 85 Direct Expansion Cooling Coil model has been written using the direct expansion cooling coil model with characteristic parameters.  The model has been tested using a simple TRNSYS deck similar to that used to test the chilled water cooling coil models.





4.3.1  TRNSYS Type 85 Direct Expansion Cooling Coil





A TRNSYS Type 85 Direct Expansion Cooling Coil component was written using the generalized heat and mass transfer model.  This component is similar to the Type 95 Chilled Water Cooling Coil.  Both models treat the coil surface as either totally dry or totally wet.  The TRNSYS Type 85 FORTRAN code is in Appendix B.  The TRNSYS Type 85 reference documentation can be found in Appendix F.





The Type 85 component uses 13 parameters.  The first 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 second parameter is the specific heat of the air.  The third parameter is a number indicating which refrigerant is flowing through the coil.  This number, required by the subroutine REFTRANS to calculate transport properties of saturated liquid refrigerants, uses the ASHRAE numbering system.  Refrigerant R-12 indicated by a parameter value of 12, R-22 by a value of 22, and so on.  The coil face area is the fourth parameter, and it is the only parameter dealing with the geometry of the coil.  The degrees of subcooling at the condenser outlet and the degrees of superheat at the coil outlet are the next two parameters.  The final seven parameters are characteristic parameters fit from catalog data:  three characteristic heat transfer parameters, two characteristic air pressure drop parameters for a dry coil, and two characteristic air pressure drop parameters for a wet coil.





Six inputs are required.  The entering dry bulb and wet bulb temperatures and the mass flow rate characterize the air flow.  On the refrigerant side, the evaporating temperature in the coil, the condensing temperature, and the refrigerant mass flow rate are required.  The value of the refrigerant mass flow rate input is just an initial guess because the code calculates the actual mass flow rate so that the refrigerant at the coil outlet is at least saturated vapor and possibly superheated, depending on the value of the degrees of superheat parameter.





Like the cooling coil component models, the direct expansion cooling coil model relies heavily on TRNSYS utility subroutines.  The subroutine PSYCH is used to calculate psychrometric properties.  NEWFLUIDS calculates transport properties of the air, FLUIDS is used to calculate thermodynamic properties of refrigerants, and REFTRANS calculates transport properties of saturated liquid refrigerants.  NEWFLUIDS and REFTRANS are discussed in Chapter 5.





Coil performance is calculated for both totally dry and totally wet operation.  For totally dry operation, the coil is treated as a sensible heat exchanger with a capacitance rate ratio of 0 due to the constant-temperature boiling of the refrigerant.  For totally wet operation, the heat exchanger analogy method is again used.  Because of the infinite specific heat of the boiling refrigerant, the direct expansion cooling coil has a capacitance rate ratio of 0.  Using the effectiveness-Ntu relationships for heat exchangers, the exiting air enthalpy is calculated.  The exiting dry bulb and wet bulb temperatures are determined by treating the air flow and the uniform temperature condensate film as a second heat exchanger with a capacitance rate ratio of 0 and applying the effectiveness-Ntu equations.  After coil performance for both totally dry and totally wet operation has been calculated, new values of refrigerant mass flow rates are calculated.  The inlet refrigerant state is fixed by the evaporation temperature and the condenser outlet state.  The condenser outlet state is fixed by the condenser temperature and the degrees of subcooling.  The throttling process between the condenser and the evaporator is assumed to be isenthalpic.  The outlet refrigerant state is fixed by the evaporation temperature and the degrees of superheat.  The refrigerant mass flow rate can be easily calculated knowing the heat transfer rate, the inlet refrigerant state, and the outlet refrigerant state.  Iterations continue until the difference between successive values of the calculated mass flow rate is sufficiently small.  To determine whether the coil should be treated as totally dry or totally wet, some comparisons are made.  If the entering air dew point temperature is less than the evaporating temperature, the coil is totally dry.  If the entering air dew point temperature is higher than the tube surface temperature at the inlet, the coil is totally wet.  Otherwise, the coil is partially wet.  In this case the coil is considered to be totally dry or totally wet, whichever has the greater heat transfer rate because either approximation tends to underestimate the heat transfer rate.





The model returns 11 outputs.  The leaving dry bulb temperature, the leaving wet bulb temperature, and the air mass flow rate are returned.  The evaporation temperature, degrees of superheat, and refrigerant mass flow rate are also returned.  The calculated performance results returned are the sensible heat transfer rate, the latent heat transfer rate, the total heat transfer rate, the air pressure drop through the coil, and the wet fraction of the coil surface (either 0 or 1).





4.3.2  TRNSYS Simulation of the Type 85 Direct Expansion


         Cooling Coil





To test the Type 85 Direct Expansion Cooling Coil component, a simple system similar to the chilled water cooling coil test system was used.  A schematic of this system is shown in Figure 4.8.
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Figure 4.11  Schematic of the Type 85 Direct Expansion Cooling Coil test system.





In the test system, a Type 3 Fan blows outdoor air across the direct expansion cooling coil.  A compressor, approximated in the test system as a Type 3 Pump, pushes the refrigerant through the cooling coil and the entire refrigeration system.  The operation of the fan and the compressor are controlled by a Type 2 Controller.  The controller signals the fan and the compressor to run when the outdoor air temperature is at least 5 C higher than the entering refrigerant temperature.





Using TMY data for annual simulations in Madison, WI, the results of Figure 4.9 were obtained.  Figure 4.9 charts the integrated total heat transfer rate, the integrated sensible heat transfer rate, and the integrated latent heat transfer rate from the air to the coil over the course of a year.
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Figure 4.12  Integrated total heat transfer rate, integrated sensible heat transfer rate, and integrated latent heat transfer rate for an annual simulation of the Type 85 Direct Expansion Cooling Coil test system in Madison, WI.





4.4  Conclusions





The direct expansion cooling coil model is able to accurately replicate catalog data for Trane F direct expansion cooling coils.  This accuracy was maintained in extrapolating coil performance and in predicting coil performance for other refrigerants.





It is unclear how general the coil model is.  The refrigerant-side heat transfer coefficient-area product correlation is that of the Trane Company and is based on experimental data.  However, it is not known whether other cooling coil manufacturers use similar, empirically-based correlations or more theoretical correlations to generate cataloged performance data.
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