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SENSIBLE HEAT EXCHANGERS
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Heat exchangers are among the most common components in thermal systems.  Sensible heat exchangers involve no phase changes of the fluids involved whereas other types of heat exchangers (such as condensers, evaporators, and cooling coils) do involve a phase change of one or both of the fluids.  Each of these heat exchangers can also be found in a variety of configurations and flow arrangements.





Sensible heat exchangers are used in a variety of systems to transfer heat between two single-phase fluids.  In solar domestic hot water (SDHW) systems, a sensible heat exchanger is used to transfer heat from the collector loop fluid to the tank loop fluid.  In industrial processes, sensible heat exchangers transfer energy between process fluids as well as remove heat from coolants.  





A sensible heat exchanger model has been developed to take advantage of available performance data.  This model defines characteristic parameters that encompass geometric terms and a fin efficiency while retaining all transport properties as distinct quantities.  The need for assumptions such as a constant heat exchanger effectiveness and the need for estimates of geometric dimensions are both eliminated.  The model is valid for shell and tube heat exchangers, radiators, and similar geometries where the inner fluid flows through a tube bank while the outer fluid flows normal to this tube bank as illustrated by Figure 2.1.
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                    a)  Shell and tube heat exchanger                             b)  Radiator


Figure 2.1  Valid geometries for the new sensible heat exchanger model.





2.1  Existing Models and Correlations





Sensible heat exchangers are well understood, and convection heat transfer correlations for many geometries for both internal flow and external flow are readily available.  To model a sensible heat exchanger, two approaches can be used:  either the use of fundamental equations and correlations or the use of experimental data and empirical correlations.





In using fundamental equations, either the LMTD method or the effectiveness-Ntu method can be used.  However, use of the LMTD method requires knowledge of the fluid outlet temperatures as well as the inlet temperatures.  This method requires an iterative solution and is generally less convenient than the effectiveness-Ntu method.  For this reason, the effectiveness-Ntu method is used in the models.





Equations 2.1-2.6 are the basis of the effectiveness-Ntu method.  The effectiveness e is defined as the ratio of the actual heat transfer rate to the maximum possible heat transfer rate.  The maximum possible heat transfer rate is a function of the inlet temperatures and the minimum capacitance rate ratio Cmin, which determines the fluid that will experience the largest temperature change within the heat exchanger.  The number of transfer units Ntu is a dimensionless parameter relating the heat exchanger size to the minimum fluid capacitance rate.  
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The overall heat transfer coefficient-area product UA could be calculated using experimental data such as that found in Compact Heat Exchangers (Kays and London, 1955).  In that reference, heat transfer and pressure drop data in the form of (St)(Pr2/3) vs. Re and f vs. Re are presented for a variety of surface geometries, where St is the Stanton number, Pr is the Prandtl number, Re is the Reynolds number, and f is the Moody friction factor.  However, use of this tabulated data would require assumptions about the forms of the governing correlations.  In this work, fundamentally-based correlations of the heat transfer coefficients are developed for heat exchangers.





2.2  Generalized Heat Transfer Model





A fundamental approach was taken in developing a generalized heat transfer model.  Convective heat transfer correlations and the effectiveness-Ntu method are the basis of the model.  





2.2.1  Heat Transfer Model





In developing the heat transfer model, the heat exchanger was assumed to be represented by two heat transfer resistances in series.  One resistance is between the shell fluid and the outer tube/fin surface.  The second resistance is between the tube fluid and the inner tube surface.  The conduction resistance through the tube wall is assumed to be negligible because the tube walls are relatively thin and are made of high conductivity materials such aluminum or copper.





The shell side heat transfer resistance is based on the correlation of Zhukauskas (Incropera and DeWitt, 1990) for flow across a tube bank as given by Equation 2.7.
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The coefficient � EMBED "Equation" \* mergeformat  ��� is a correction factor for the number of tubes in the tube bank.  The coefficient C and the Reynolds number exponent m are both functions of the Reynolds number.  All three of these parameters are also dependent on whether the tubes are aligned or staggered.  The Reynolds number � EMBED Equation.2  ��� is based on the tube outer diameter and the maximum fluid velocity within the tube bank.  The maximum fluid velocity can be calculated knowing the configuration (aligned or staggered) of the tube bank and the tube spacing.





Using Equation 2.7 directly to calculate the shell-side heat transfer resistance of a cataloged sensible heat exchanger would require detailed knowledge of its geometry.  Although heat exchanger catalogs provide some geometric specifications such as shell diameter and overall length, obtaining other measurements such as baffle spacing and tube spacing would require contacting the manufacturer.





To use Equation 2.7, the terms are rewritten and rearranged in order to group unknown quantities into a set of characteristic parameters.  An overall surface efficiency ho that includes the fin efficiency hf and fin spacing is also incorporated.
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In Equation 2.8, all of the geometric terms are combined into the parameter C1.  Because the tube diameter, the outer surface area, and the minimum flow area are constant for a given heat exchanger, C1 is treated as a constant, characteristic parameter of the heat exchanger.  The parameter C2 is also treated as a constant, characteristic parameter of the heat exchanger.  The values of C1 and C2 are not truly constant because of the Reynolds number dependence of the parameters C and m in the Zhukauskas correlation of Equation 2.7.  There will also be some variation in the overall surface efficiency ho.  However, this variation is small unless, for example, a heat exchanger designed for liquid-to-liquid heat transfer is operated with gas-to-liquid heat transfer.  Because heat exchangers are designed for specific fluid phases, the surface efficiency is taken as constant.





The tube side heat transfer resistance for turbulent flow is based on the correlation of Sieder and Tate (Incropera and DeWitt, 1990) given in Equation 2.9.  This correlation is similar to the Dittus-Boelter equation and is recommended for flows with large property variations, such as those occurring in oil coolers.
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Following the method of grouping geometric terms into characteristic parameters, the correlation of Equation 2.9 can be rewritten as Equation 2.10.
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Parameter C3 is constant, characteristic parameter because it is a function of geometric terms with constant exponents.  For gases, a temperature correction factor is used instead of a viscosity correction factor (Kays and Crawford, 1993).  If the gas is being heated, this temperature correction factor has the form (Ti/Ts)0.5.  If the gas is being cooled, the temperature correction factor has a value of 1.





For laminar flow in the tubes, a correlation of Sieder and Tate for laminar heat transfer is used (Brandemuehl et al., 1992).  This correlation is given by Equation 2.11.
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Manipulating Equation 2.11 and defining one characteristic parameter C4 results in Equation 2.12.
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When the inner fluid is a gas, a temperature correction factor is used instead of a viscosity correction factor (Kays and Crawford, 1993).  If the gas is being heated, this temperature correction factor has the form (Ti/Ts)0.25.  If the gas is being cooled, the temperature correction factor has the form (Ti/Ts)0.08.





Equation 2.8 and either Equation 2.10 or 2.12 are combined as series resistances to obtain the heat exchanger overall heat transfer coefficient-area product UA.  The effectiveness-Ntu method is then used to calculate the performance of the heat exchanger.





2.2.2  Heat Transfer Model Performance





Extensive investigation of this heat exchanger model has been performed.  Several ideas were studied regarding the fitting of the model characteristic parameters, the attributes of these characteristic parameters, and comparisons of results obtained with the existing TRNSYS Type 5 Heat Exchanger component.





For the most part, Modine BT shell and tube heat exchangers (Modine, 1986) were used in the evaluations of the heat exchanger model.  This particular line of heat exchangers was chosen because of the abundance of available catalog data.  With at least eight shell fluid flow rates, at least six tube fluid flow rates, and 49 combinations of inlet temperatures, there are at least 2352 cataloged operating points for any given Modine BT model.  In addition to Modine data, catalog data from Young Radiator Company (Young Radiator Company, 1995) and Industrial Heat Transfer, Inc. (Industrial Heat Transfer, Inc., 1983) were also used.





Data Point Selection for Parameter Estimation





In using cataloged operating points to estimate the heat exchanger model characteristic parameters, two fundamental issues need to be resolved:  the number of data points required to achieve satisfactory fits of the characteristic parameters, and the means by which these data points should be chosen.





To answer these questions, the model characteristic parameters were fit with a variety of fitting point data sets and then these characteristic parameters were tested against the entire set of operating data.





One possible method of choosing data points is based on the capacitance rate ratios and number of transfer units, Ntu, of the data points.  Since the model is based on the e-Ntu method, data points could be chosen to represent a range of effectivenesses over a range of capacitance rate ratios.  For example, data points could be selected at four different effectivenesses and four different capacitance rate ratios to yield 16 data points.  This method has two disadvantages.  First, it requires preliminary processing of the data.  The effectiveness and capacitance rate ratio of each data point need to be calculated before data points can be chosen for the parameter estimation.  Figures 2.2 and 2.3 are e-Ntu plots generated from catalog data for two heat exchangers.  The second disadvantage of choosing data points for parameter estimation in this way is that the operating points included in a manufacturer’s catalog generally do not cover the entire range of possible e-Ntu-C* operating points, as shown in Figures 2.2 and 2.3.  The data points rather tend to lie within a band.
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Figure 2.2  Effectiveness-Ntu plot for catalog data points of the Modine 50B5-1 single-pass shell and tube heat exchanger with SAE-10 oil/water operation (Modine, 1986).
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Figure 2.3  Effectiveness-Ntu plot for catalog data points of the Modine HH-105-41 radiator with air/50% ethylene glycol operation (Modine, 1993).





A second method of choosing catalog data points is a systematic selection of data points directly from the manufacturer's catalog.  To test this method, several catalog data sets were chosen to be used in the parameter estimation routine.  The data sets varied in both the number of data points used and the number of quantities (shell fluid flow rate, tube fluid flow rate, shell fluid inlet temperature, and tube fluid inlet temperature) varied within the set.  Within each data set, at least one of these quantities was varied between the high and low catalog values.  The performance of the fitted characteristic parameters was measured by calculating the mean relative bias and the absolute value of the mean relative error when the fitted characteristic parameter values were applied to the entire set of operating points.  Figure 2.4 is a plot of the mean relative bias between the calculated heat transfer rate and the catalog heat transfer rate as a function of the number of data points used to fit the characteristic heat transfer parameters.  Figure 2.5 is a plot of the mean relative error between the calculated heat transfer rate and the catalog heat transfer rate as a function of the number of data points used to fit the characteristic heat transfer parameters.  The results of Figures 2.4 and 2.5 are from a 2-parameter model where the shell fluid Reynolds number exponent was held constant at C2 = 0.5.  The characteristic parameters were fit by minimizing the sum of the squares of the relative errors between the calculated heat transfer rate and the catalog heat transfer rate.
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Figure 2.4  Heat transfer rate mean relative bias vs. number of fitting points for predicted SAE-10 oil/water operation of the Modine 50B5-1 using a variable number of catalog data points to fit the characteristic heat transfer parameters.
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Figure 2.5  Heat transfer rate mean relative error vs. number of fitting points for predicted SAE-10 oil/water operation of the Modine 50B5-1 using a variable number of catalog data points to fit the characteristic heat transfer parameters.





As expected, and as shown in Figures 2.4 and 2.5, the performance of the fitted characteristic parameters improves as the number of data points with which the characteristic parameters are fit is increased.  There is little change in the mean relative bias or the mean relative error of the entire set of cataloged operating points when more than 16 points are used.  





There is a good reason why approximately 16 fitting points is the lower limit for achieving a good parameter fit.  For a given pair of fluids, heat exchanger catalog data is given in terms of four variables:  shell fluid flow rate, tube fluid flow rate, shell fluid inlet temperature, and tube fluid inlet temperature.  If all combinations of the high and low cataloged values for each of these variables are considered, the result is 16 data points.  These data points contain the extreme operating points for each of the four variables, and they would be expected to represent the entire cataloged operating range and the entire range of convection coefficient-area products of the heat exchanger.





Figure 2.6 is a plot of the calculated heat transfer rate as a function of the catalog heat transfer rate for a shell and tube heat exchanger using the best-fit characteristic heat transfer parameters.  Figure 2.7 is a plot of the calculated heat exchanger effectiveness as a function of the catalog heat exchanger effectiveness for the same shell and tube heat exchanger using the best-fit characteristic heat transfer parameters.  These figures illustrate the excellent results obtained when the fitted characteristic parameters are applied to the entire data set.  The characteristic parameters were fit using a set of 16 data points comprised of combinations of high and low values of the four catalog variables.  It can be seen that data points chosen in this way do indeed cover the entire operating range.
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Figure 2.6  Calculated heat transfer rate vs. catalog heat transfer rate for a Modine 50B5-1 SAE-10 oil/water heat exchanger using three characteristic heat transfer parameters fit from 16 catalog data points.
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Figure 2.7  Calculated effectiveness vs. catalog effectiveness for a Modine 50B5-1 SAE-10 oil/water heat exchanger using three characteristic heat transfer parameters fit from 16 catalog data points.





The variation in dynamic viscosity is considered to be the most important temperature-dependent transport property effect in the heat transfer correlations for liquids.  In Figure 2.8, the calculated heat exchanger effectiveness is plotted as a function of the catalog heat exchanger effectiveness for the same shell and tube heat exchanger used to generate Figures 2.6 and 2.7 with the additional constraints of constant thermal conductivities and specific heats.  Figure 2.8 shows that variations in thermal conductivity and specific heat also need to be considered.  When compared to Figure 2.7, which includes all transport property variations, Figure 2.8 shows that assuming constant thermal conductivities and specific heats leads to poorer replication of the cataloged heat exchanger effectiveness when the characteristic heat transfer parameters are fit with heat transfer rate data.
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Figure 2.8  Calculated effectiveness vs. catalog effectiveness for a Modine 50B5-1 SAE-10 oil/water heat exchanger using three characteristic heat transfer parameters fit from 16 catalog data points with constant thermal conductivities and specific heats.  





Extrapolation of Heat Exchanger Performance





To be useful in simulations, the sensible heat exchanger heat transfer model must be able to accurately predict performance at conditions outside of those of the catalog data points with which the characteristic parameters were fit.  The model was tested using the Modine 50B5-1 catalog data.  The range of this catalog data is given in Table 2.1.  The three characteristic heat transfer parameters were fit using a portion of the ranges of the four operating point parameters of shell fluid flow rate, tube fluid flow rate, shell fluid inlet temperature, and tube fluid inlet temperature.  The results of fitting the three characteristic heat transfer parameters using the entire ranges of the operating point parameters were compared to the results of fitting using only the upper halves and only the lower halves of the operating point parameters.





Table 2.1  Range of available heat transfer catalog data for the Modine 50B5-1 heat exchanger.
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Table 2.2  Measures of error in the calculated heat transfer rate of the Modine 50B5-1 for different ranges of catalog data used to fit the characteristic heat transfer parameters. 
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The lower half results were obtained by first choosing catalog data points for parameter estimation from the lower half of the range of each of the operating point parameters in Table 2.1.  The best-fit characteristic heat transfer parameters were then applied to the entire data set.  Relative errors between the calculated heat transfer rate and the catalog heat transfer rate were calculated.  The upper half results were obtained in a similar manner except that the catalog data points for parameter estimation were chosen from the upper half of the range of each of the operating point parameters.





Table 2.2 illustrates the extrapolation capability of the sensible heat exchanger heat transfer model when characteristic heat transfer parameters fitted from part of the catalog data are applied to the entire catalog data set.  Using the entire range of catalog data yields the best results in all four measures of error, as might be expected.  However, using half of the catalog ranges of the operating point parameters yields results that are also very good, predicting performance within a few percent on average.





Parameter Extension to Other Fluids





An important characteristic of this method of characteristic parameters is the ability to extend the fitted characteristic parameters to operation with other fluids.  Because all fluid transport properties are retained as separate quantities within the model correlations, the fitted characteristic parameters are functions only of geometry.  Therefore, the characteristic parameters fitted with catalog data based on two given fluids should be applicable to operation of the same heat exchanger with other fluids.  This idea is an extremely useful attribute of the model.  Heat exchanger catalogs tend to give performance data for only a few combinations of fluids, and in many cases only one.  The data are often given for specific applications such as a water-cooled oil cooler and are not directly applicable to operation with other fluids, such as ethylene glycol/water solutions.  Performance data using the fluids of interest could be obtained directly from the manufacturer.  However, there would still be limitations concerning the variety of fluids for which performance data have been compiled by the manufacturer.





To test the extension of the fitted characteristic heat transfer parameters to different fluid combinations, performance data for the Young F-1010-TR-1P single-pass shell and tube heat exchanger were obtained directly from the manufacturer (Lynt, 1996) for three shell fluids:  SAE-10 oil, water, and 50% ethylene glycol/water.  Water was used as the tube fluid in all three cases.  Sixteen data points were obtained for each case.  These 16 points were the combinations of high and low values of the four parameters of shell fluid flow rate, tube fluid flow rate, shell fluid inlet temperature, and tube fluid inlet temperature.  The three characteristic heat transfer parameters were fitted using each of the three shell fluids and then applied to the data sets of the other shell fluids.  Table 2.3 shows relative errors between the calculated heat transfer rate and the catalog heat transfer rate when the characteristic heat transfer parameters fit with a given pair of fluids are applied to operating points with another pair of fluids.  Overall, the model performs well when the characteristic heat transfer parameters fitted with data for a given shell fluid are applied to data for a different shell fluid.  





Table 2.3  Measures of error in the calculated heat transfer rate resulting from applying characteristic heat transfer parameters fitted from manufacturer's data with one shell fluid to different shell fluids for the Young F-1010-TR-1P single-pass shell and tube heat exchanger.
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The errors shown in Table 2.3 result from several sources.  One source is the transport property correlations, although published correlations were used whenever possible.  In some cases, only data points (e.g. thermal conductivity of oil vs. temperature) were available and a curve fit was generated, which might contribute to the error.  In the case of SAE-10 oil, error could result from the fact that an oil designated as SAE-10 does not specify one particular oil but rather an oil whose viscosity falls within a standardized range.  The assumption of a constant fin efficiency is a second source of error.  The fin efficiency is a function of the fluid transport properties, and so some error would be expected when the fitted parameters are applied to various fluids.  The shell fluid Reynolds number exponent C2 could also contribute to the error.  This exponent is a function of the Reynolds number itself, and therefore it would be expected to vary with different fluids.  Finally, error would result if there are differences between this model and the manufacturer's model.  It should be noted that catalog data is generated by the manufacturer using a model with only a few experiments for verification.





The data used in the parameter fittings that yielded the results of Table 2.3 were obtained directly from the manufacturer with variations in shell fluid flow rate, tube fluid flow rate, shell fluid inlet temperature, and tube fluid inlet temperature.  However, the catalog data does not include all of these variations (Young, 1995).  Only the effects of the shell fluid flow rate and the shell fluid inlet temperature are tabulated.  For these catalog data points, the three characteristic heat transfer parameters were fit using both water and 50% ethylene glycol/water as shell fluids.  Table 2.4 shows relative errors in heat transfer when characteristic heat transfer parameters are fitted with catalog data accounting for shell fluid flow rate and shell fluid inlet temperature only.  Applying the characteristic parameters fit using one shell fluid to the data set of the other shell fluid yielded poor results as can be seen when Tables 2.3 and 2.4 are compared.  This comparison reaffirms the idea that the data points used to fit the characteristic parameters should be chosen as combinations of extreme flow rates and inlet temperatures for both the shell and tube fluids.  





Table 2.4  Measures of error in the calculated heat transfer rate resulting from applying characteristic heat transfer parameters fitted from catalog data with one shell fluid to different shell fluids for the Young F-1010-TC-1P single-pass shell and tube heat exchanger.
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2.3  Generalized Pressure Drop Model





The generalized pressure drop model was developed following the same method used to develop the heat transfer model.  The pressure drop model is based on the use of a friction factor.





2.3.1  Pressure Drop Model Development





Equation 2.13 (Kays and London, 1955) is the basis for calculating the pressure drop of a fluid as it flows normal to a tube bank, where G is the mass flow rate per minimum free-flow area, Ac is the minimum free-flow area, and s is the ratio of the free-flow area to the frontal area.
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The first grouping of terms inside the brackets accounts for frictional pressure losses as the fluid flows across the tube bank.  The second grouping accounts for pressure losses due to fluid acceleration resulting from density changes as the fluid temperature changes.  





In calculating the friction factor, it is assumed that the relationship of log(f) vs. log(Re) is linear.  This assumption is based on tabulated friction factor data for flow normal to a bank of finned tubes (Kays and London, 1955).  Figure 2.9 shows a best-fit log(f) vs. log(Re) relationship for a bank of circular tubes with circular fins.  Figure 2.10 shows a similar relationship for a bank of circular tubes with continuous fins.  
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Figure 2.9  Friction factor f vs. Reynolds number Re for flow normal to a bank of circular tubes with circular fins (Kays and London, 1955).
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Figure 2.10  Friction factor f vs. Reynolds number Re for flow normal to a bank of circular tubes with continuous fins (Kays and London, 1955).





Using the assumption of a linear log(f) vs. log(Re) relationship, rearranging Equation 2.13 in order to group geometric terms into characteristic pressure drop parameters results in Equation 2.14.
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However, in the final sensible heat exchanger model, only the term accounting for frictional pressure losses has been retained.  For liquids, pressure losses resulting from fluid acceleration are very small because only small changes in density occur.  In the case of a gas, the pressure loss due to fluid acceleration is generally small relative to the frictional pressure loss (Kays and London, 1955).





Calculation of the inner fluid pressure drop depends on determining the value of the Moody friction factor f, which is defined by Equation 2.15.
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Because the pressure gradient (dP/dx) is constant for fully-developed flow, the pressure drop can be written as Equation 2.16 with the Moody friction factor calculated using Equations 2.17 and 2.18 (Incropera and DeWitt, 1990) for turbulent and laminar flow, respectively.
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Substituting Equations 2.17 and 2.18 into Equation 2.16, manipulating terms so mass flow rates replace velocities, and rearranging to group geometric terms into characteristic pressure drop parameters result in Equations 2.19 and 2.20 for the pressure drops of turbulent and laminar internal flows, respectively.
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Liquid flows use the viscosity-based correction factors shown in Equations 2.19 and 2.20.  Gas flows are given temperature-based correction factors.  If the gas is being cooled, the temperature-based correction factor is (Ti/Ts)-0.3.  If the gas is being heated, the temperature-based correction factor is (Ti/Ts)-0.45.





2.3.2  Pressure Drop Model Performance





The pressure drop model has been tested using catalog data for the Modine 50B5-1 shell and tube heat exchanger.  In general, extensive pressure drop data is not available in heat exchanger catalogs because pump power is small relative to other energy terms in a thermal system analysis due to the small specific volume of a liquid.





The outer fluid pressure drop model was tested using all nine catalog data points to fit the two characteristic outer fluid pressure drop parameters.  These data points account for shell fluid (SAE-10 oil) flow rate and dynamic viscosity at a standard shell fluid inlet temperature, a standard tube fluid (water) flow rate, and a standard tube fluid inlet temperature.  The results of the parameter fitting are shown in Figure 2.11, where the calculated outer fluid pressure drop is plotted as a function of the outer fluid pressure drop from the catalog.
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Figure 2.11  Calculated shell fluid pressure drop vs. catalog shell fluid pressure drop for the Modine 50B5-1 single-pass shell and tube heat exchanger with a 240 F shell fluid inlet temperature, a 25 gpm tube fluid flow rate, and a 180 F tube fluid inlet temperature.





The inner fluid pressure drop model was tested using all seven catalog data points to fit the single characteristic parameter.  These data points accounted for variations in the tube fluid flow rate only.  Figure 2.12, a plot of the calculated inner fluid pressure drop as a function of the catalog inner fluid pressure drop, shows the results.
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Figure 2.12  Calculated tube fluid pressure drop vs. catalog tube pressure drop for the Modine 50B5-1 single-pass shell and tube heat exchanger with a 30 gpm shell fluid flow rate, a 240 F shell fluid inlet temperature, and a 180 F tube fluid inlet temperature.





Figures 2.11 and 2.12 show that the use of fitted characteristic parameters works well for pressure drop calculations.  Sources of error include the transport property correlations, neglecting the pressure drop due to fluid acceleration, and the limited available catalog data for fitting the characteristic pressure drop parameters.





2.4  TRNSYS Heat Exchanger Models





A TRNSYS heat exchanger component has been written using the heat transfer correlations and the pressure drop correlations based on the definition of characteristic parameters.  This model has been compared to the existing Type 5 Heat Exchanger by comparing the simulated annual performance of a solar domestic hot water (SDHW) system in Madison, WI when each of these heat exchangers are placed between the flat plate collector and the storage tank.





2.4.1  TRNSYS Type 80 Heat Exchanger





A TRNSYS component using this new heat exchanger model has been written.  The FORTRAN code can be found in Appendix B.  The TRNSYS Type 80 reference documentation is in Appendix F.  





The Type 80 component has 16 parameters:  eight characteristic parameters fitted from catalog data, a configuration number, an outer fluid number, an outer fluid composition, an outer fluid specific heat, an inner fluid number, an inner fluid composition, an inner fluid specific heat, and the ratio of inner fluid mass flow rate to dynamic viscosity at the transition from laminar flow to turbulent flow in the tubes.  The fluid numbers are different from the fluid compositions because, for example, the fluid number would be used to indicate that a water/ethylene glycol solution is being used whereas the fluid composition would be used to indicate the percent ethylene glycol in that water/ethylene glycol solution.





Of the eight characteristic parameters, four are characteristic heat transfer parameters and four are characteristic pressure drop parameters.  Only the characteristic heat transfer parameters are truly required in order to use the component in a TRNSYS deck.  If pressure drops are of no interest to the user, the characteristic pressure drop parameters can all be set to 0.





In order to determine whether the inner flow is laminar or turbulent, a parameter is used to specify the ratio of inner fluid mass flow rate to dynamic viscosity at transition.  This value could be calculated using estimated or known geometric specifications of a heat exchanger.  If the user wants to assume turbulent flow at all operating points in the simulation, this parameter should be set to 0.  Setting this parameter to a large number assumes laminar tube flow at all simulation time steps.





A flow geometry is specified by the configuration number.  This parameter determines how the effectiveness of the heat exchanger is to be calculated.  For example, configuration 1 indicates parallel flow and configuration 2 indicates counterflow.





Because this heat exchanger model uses fluid properties to calculate heat transfer coefficients, parameters must be used to indicate which fluids are flowing through the heat exchanger and their compositions.  Eight fluids are currently included.  Fluid numbers 1-8 are water, dry air, oil, water/Union Carbide Thermofluid 17 ethylene glycol, water/Union Carbide Foodfreeze 35 propylene glycol, water/Dowtherm ethylene glycol, water/Dowfrost propylene glycol, and saturated air, respectively.  For fluids such as air and water, the composition parameters are dummy values that are not used.  If oil is used, the composition indicates its SAE grade (e.g. 10 is an SAE-10 oil).  For water/ethylene glycol and water/propylene glycol solutions, the composition is the percent glycol.  These fluid numbers and compositions are required by the NEWFLUIDS utility subroutine described in Chapter 5.





The specific heat parameters are used to calculate the capacitance rates of the two fluids.  The specific heats are assumed constant for these calculations to avoid energy balance violations with the other TRNSYS components in the system.





The TRNSYS Type 80 Heat Exchanger requires four inputs:  the outer fluid inlet temperature, the outer fluid mass flow rate, the inner fluid inlet temperature, and the inner fluid mass flow rate.  Nine outputs are returned:  the outer fluid outlet temperature, the outer fluid mass flow rate, the inner fluid outlet temperature, the inner fluid mass flow rate, the heat transfer rate, the effectiveness, the overall heat transfer coefficient-area product, the outer fluid pressure drop, and the inner fluid pressure drop.





2.4.2  Comparison to the TRNSYS Type 5 Heat Exchanger





The existing Type 5 Heat Exchanger model uses either a constant effectiveness e or a constant overall heat transfer coefficient-area product UA.  In contrast, the new Type 80 Heat Exchanger component uses the characteristic parameters, mass flow rates, and transport properties to calculate the heat exchanger UA and effectiveness at each simulation time step.  To compare the two heat exchanger models, solar domestic hot water (SDHW) TRNSYS simulations were run with the Type 80 Heat Exchanger and the Type 5 Heat Exchanger in constant effectiveness mode.  The purpose of these simulations was to compare the two heat exchanger models in terms of calculated system performance and to determine the effect of fluid temperatures on the heat exchanger effectiveness. 
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Figure 2.13  Schematic of the TRNSYS SDHW system used to compare the Type 5 and Type 80 Heat Exchanger components.





Figure 2.13 shows a schematic of the SDHW system used to compare the two heat exchanger models.  The system consists of a Type 1 flat plate collector, a Type 2 controller, two Type 3 pumps, a 3-node Type 4 storage tank, a Type 6 Heater, and either a Type 5 or a Type 80 Heat Exchanger.  The collector loop fluid is a 50% ethylene glycol/water mixture, and the tank loop fluid is water.  A constant delivery temperature of 60 C is used with 15 C water entering the tank from the mains.  The controller controls the pumps by comparing the temperature of the collector fluid leaving the collector with the temperature of the fluid at the bottom of the storage tank.  The pumps are turned on whenever the temperature at the collector outlet is greater than the temperature of the bottom tank node.  The system was simulated using Madison, WI typical meteorological year (TMY) weather data.





Figure 2.14 describes how the parameters of the heat exchanger between the collector and the storage tank affect the performance of the SDHW system.  A subscript 'c' refers to the collector loop fluid.  
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Figure 2.14  Collector heat exchanger correction factor as a function of heat exchanger effectiveness, capacitance rates, and collector parameters (Duffie and Beckman, 1991).


The collector heat removal factor FR is the ratio of the actual useful gain of the collector to the maximum useful gain of the collector.  The maximum useful gain of the collector would occur when the collector fluid temperature remains at the inlet temperature throughout the collector because the thermal losses would be minimized.  The modified collector heat removal factor F'R is less than the collector heat removal factor FR due to the presence of the heat exchanger.  The heat exchanger forces the collector fluid to return to the collector inlet at a temperature that is higher than if it was flowing to the collector directly from the storage tank.  The high temperature fluid entering the collector results in greater thermal losses from the collector and a decrease in the useful gain of the collector.





Based on  Figure 2.14, the comparative performances of the SDHW system using the Type 5 and Type 80 heat exchangers will depend on the size of the heat exchanger as well as other system parameters.





The simulation was first run using a high-effectiveness heat exchanger with high mass flow rates.  With constant mass flow rates of 325 kg/hr, the Modine 50B5-1 heat exchanger was found to have an effectiveness of approximately 0.7.  These parameters lead to the calculation of the following quantities:
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The values place the system operation near the top of Figure 2.14, where the heat exchanger effectiveness does not have a great effect on the system performance.  Figure 2.15 is a plot of useful gain integrated over a period of one year for the SDHW test system using the Type 80 Heat Exchanger and the Type 5 Heat Exchanger in constant effectiveness mode.  Figure 2.15 shows that even large differences in heat exchanger effectiveness have little effect on system performance.  In this case, the Type 80 component has no significant advantage over the Type 5 component.
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Figure 2.15  Useful gain vs. time for annual simulations of the SDHW system with a Modine 50B5-1 heat exchanger, 325 kg/hr mass flow rates, 50% ethylene glycol/water as the collector loop fluid, and water as the tank loop fluid.





The results are much different when the simulations are run with a smaller heat exchanger and lower mass flow rates.  The mass flow rates were both reduced from 325 kg/hr to 100 kg/hr.  The heat exchanger characteristic heat transfer parameters were taken in approximate proportion to those of the Modine 25B1-1 heat exchanger, which is much smaller than the Modine 50B5-1.  The following quantities result:
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These values place the system much closer to the bottom of Figure 2.14, meaning that the heat exchanger effectiveness should have a much greater effect on system performance.  Figure 2.16 is a plot of useful gain integrated over a period of one year for the SDHW test system with a Type 80 Heat Exchanger and a Type 5 Heat Exchanger in constant effectiveness mode, and it shows that heat exchanger effectiveness has a significant impact on system performance.  Although, as seen in Figure 2.16, the Type 80 heat exchanger appears to act as a constant effectiveness device, Figure 2.17 shows the band within which the Type 80 effectiveness varies over the course of the year.  In this case, the Type 80 heat exchanger has the advantage over the Type 5 heat exchanger in that the simulation results would be sensitive to the chosen value of the constant effectiveness.  The Type 80 component would also have a definite advantage over the Type 5 component in variable flow rate systems because the effectiveness would vary much more than that pictured in Figure 2.17.  The variations in effectiveness shown in Figure 2.13 are the result of fluid properties only; mass flow rates are constant.
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Figure 2.16  Useful gain vs. time for annual simulations of the SDHW system with a Modine 25B1-1 heat exchanger, 100 kg/hr mass flow rates, 50% ethylene glycol/water as the collector loop fluid, and water as the tank loop fluid.
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Figure 2.17  TRNSYS Type 80 Heat Exchanger effectiveness vs. time for annual simulations of the SDHW system with a Modine 25B1-1 heat exchanger, 100 kg/hr mass flow rates, 50% ethylene glycol/water as the collector loop fluid, and water as the tank loop fluid.





2.5  Conclusions





A heat exchanger model developed from fundamental correlations successfully predicts performance in terms of both heat transfer rate and pressure drop.  The characteristic parameter fitting method provides robustness based on its extrapolation capabilities and the ability of the characteristic parameters to be extended to predict performance with other fluids.





The success of the method of characteristic parameters for sensible heat exchangers provides enco
