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HEAT EXCHANGER MEAN TEMPERATURE DIFFERENCES FOR REFRIGERANT MIXTURES



Laura A. Schaefer and Samuel V. Shelton George W. Woodruff School of Mechanical Engineering Georgia Institute of Technology Atlanta, Georgia



ABSTRACT Many of the refrigerants that have been examined as replacements for hydrochlorofluorocarbons (HCFCs) are zeotropic mixtures. The temperature of a zeotropic mixture does not remain constant throughout a heat exchanger, and zeotropes often exhibit a nonlinear temperature/enthalpy relationship. These factors contradict some assumptions that are made in deriving the Log Mean Temperature Difference (LM T D), a calculation that is used to compute the size of a heat exchanger (U A). Since the temperature is not an easily-determined function of enthalpy, in order to find a more accurate U A, the heat transfer process must be discretized and the properties determined at each point. An ammonia-water mixture and synthetic mixtures that are being studied as HCFC-22 replacements are analyzed. In each case, the actual U A is compared to the U A found using the LM T D. It is found that these errors can cause a heat exchanger to be undersized by as much as a factor of fifty.



NOMENCLATURE A Area over which heat is transferred (m2 ) P Pressure (bar, kP a) Q Heat Transfer Rate (kW ) T Temperature (◦ C, K) U Overall Heat Transfer Coefficient ( mkW 2 ·K ) kJ cp Specific Heat at Constant Pressure ( kg·K ) h m ˙



Enthalpy ( kJ ) kg Mass flow rate ( kg ) s



Subscripts c Cold Stream h Hot Stream m Refrigerant Mixture Stream



w



Water Stream



INTRODUCTION Recent protocols have reduced, and will eventually eliminate, the production and use of chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). While it has been possible to find single-component replacements for CFCs such as R-12, it has proven more difficult to replace HCFCs. Some single-component replacement refrigerants present reducedperformance possibilities, but the solution appears to lie with synthetic mixtures. These mixtures may be azeotropic, nearazeotropic, or zeotropic. Azeotropic refrigerant mixtures are uncommon, so it is of interest to study the characteristics of zeotropes and near-azeotropes. For a zeotropic mixture (also known as a non-azeotropic mixture), the concentrations of the liquid and the vapor phase are never equal (Alefeld and Radermacher, 1994). This creates a temperature glide during phase change (at which point the concentrations of the vapor and the liquid are continually changing). A temperature glide is the difference between the dew and bubble point temperatures. The smaller the temperature glide, the less loss of heat transfer due to concentration differences. Generally, zeotropic mixtures are not ideally suited to be placed in existing equipment, but can bring performance improvements when used with modified systems. Because of the varying liquid and vapor compositions, systems employing zeotropic refrigerant mixtures must be liquid charged. Doing otherwise could change the mixture’s composition, which could result in decreased performance and increased safety risks over time. Another feature common to zeotropic mixtures is a nonlinear temperature versus enthalpy profile. A single-component or azeotropic refrigerant will have a linear temperature profile, but a zeotropic mixture’s profile can be strikingly nonlinear. This



sort of temperature-enthalpy behavior results in a varying specific heat and raises the possibility of a temperature pinch within a heat exchanger, both of which complicate traditional heat exchanger calculations. For a near-azeotropic mixture, the vapor and liquid concentrations at a given temperature and pressure differ only slightly. Most azeotropic refrigerant mixtures become near-azeotropic when the pressure or temperature is varied from the azeotrope point. This is the point at which the concentration of the liquid and the vapor phase is the same for a given temperature and pressure. Some mixtures have more than one azeotrope at a fixed pressure or temperature, but this is uncommon. At an azeotrope, a mixture behaves like a single-constituent system. Azeotropic refrigerant mixtures are uncommon, and it appears unlikely that new azeotropes will be found. In the analysis of heat exchangers, the Log Mean Temperature Difference (LMTD) is a standard calculation used to compute the required size (indicated by U A). The LMTD ceases to be valid, however, when a zeotropic mixture that exhibits a nonlinear temperature glide is used as the working fluid. In order to ascertain the magnitude of the error, a numerical analysis must be performed. It is of interest to determine an alternative calculation that is applicable to zeotropes. The first step is to return to the definition of the mean temperature difference in a heat exchanger. Some assumptions that are made in the formulation of the LMTD are acceptable: for example, that the overall heat transfer coefficient will remain nearly constant over the heat exchanger area. Obviously, though, it cannot be assumed that the temperature will be an easily-determined function of the heat exchanged. As a result, the integral evaluation of the variance in temperature between the two streams over a differential amount of heat transferred must instead be transformed into a summation. Since the accuracy of this method will increase with the number of steps that are taken, the step size will be made sufficiently small so as to minimize numerical error. The U A that is found using the traditional LMTD can be contrasted with that found using the numerical method, and the deviations compared for various possible refrigerant replacements over a range of pinch points.



δQ = m ˙ dh



(2)



For fluids that do not undergo a phase change, and that have constant specific heats,



dh = cp dT



(3)



δQ = m ˙ cp dT



(4)



and, therefore,



Examining the hot and cold streams separately yields



δQ = −Ch dTh ; Ch = (m ˙ cp )h



(5)



δQ = −Cc dTc ; Cc = (m ˙ cp )c



(6)



for a counterflow heat exchanger. Another way of expressing the heat transfer between fluids over a differential area is



δQ = U (Th − Tc ) dA , or



Th − Tc =



δQ U dA



(7)



(8)



Rearranging Eqs. (5) and (6) yields DERIVATION OF THE LOG MEAN TEMPERATURE DIFFERENCE The most basic form for expressing the heat transferred over a section of a heat exchanger is1 :



δQ = m ˙ dh + h dm ˙



(1)



If the mass flow rate through the heat exchanger is constant, this reduces to



1 Both Kaka¸ c and Payko¸c (1988) and Incropera and DeWitt (1985) provide a more generalized overview of the following derivation.



dTh = −



δQ δQ and dTc = − ; so Ch Cc



dTh − dTc = d(Th − Tc ) = δQ (−



1 1 + ) Ch Cc



(9)



Dividing the above equation by Eq. (8) results in



d(Th − Tc ) 1 1 = U (− + ) dA Th − Tc Ch Cc



(10)



The conductive and convective coefficients are assumed to vary only slightly over the heat exchanger area, and the temperature-enthalpy relationship is assumed to be linear, so the overall heat transfer coefficient (U ) and the specific heats (Cc and Ch ) will be considered to be independent of the area. Equation (10) can then be integrated over the heat exchanger:



Z



side2 side1



1 1 1 d(Th − Tc ) = U (− + ) Th − Tc Ch Cc



ln[



Z



s2



dA δQ = U ∆Tmw dA



s1



Th2 − Tc1 1 1 ] = U A (− + ) Th1 − Tc2 Ch Cc



(11)



Returning to Eqs. (5) and (6), expressions incorporating Cc and Ch can be found



Z



Z



side2



Z



Ch dTh



side1



Z



s2



s1



0



δQ = ∆Tmw



Z



A0



U dA 0



A0 = the total heat exchanger area Q0 = the total amount of heat transferred s2



Cc dTc s1



Assuming that the specific heat is not a function of temperature, this results in: Q = −Ch (Th2 − Th1 )



(12)



As in the conventional log mean temperature difference derivation, it is assumed that the overall heat transfer coefficient will be fairly constant over the area (hereafter denoted as U0 ). The area is nondimensionalized so that A0 = A/A0 , and the above equation becomes



Z 0



Q = −Cc (Tc2 − Tc1 )



Th2 − Tc1 UA ]= [(Tc2 − Tc1 ) + (Th2 − Th1 )] Th1 − Tc2 Q



Rearranging to separate Q and U A results in the familiar log mean temperature difference (Th1 − Tc2 ) − (Th2 − Tc1 ) T −Tc ln[ Thh1 −Tc2 1 2



Q ∆TLogM ean



Z



1



dA0 = U0 A0



(17)



0



An examination of Eq. (17) reveals its similarity to Eq. (15). However, because the temperature may be radically nonlinear, the above integral cannot be evaluated in closed form. Instead, it is replaced by a numerical integration in which the temperature difference between the streams is found at incremental steps of the amount of heat transferred in the heat exchanger:



Q0 X i=0



(14)



Finally, since the objective of this study is to correctly size heat exchangers, Eq. (14) is rearranged to find the overall conductance multiplied by the area (U A):



UA =



δQ = U0 A0 ∆Tmw



U0 A0 =



]



Q = U A ∆TLogM ean



Q0



(13)



Replacing the specific heats of Eq. (11) with those found in (12) and (13) yields



Q = UA



Q0



s1



δQ = −



ln[



(16)



where ∆Tmw is the temperature difference between the zeotropic refrigerant mixture and the water at any given point. To find the total heat transferred, Eq. (16) is integrated over the entire area of the heat exchanger.



s2



δQ = −



Z



A NUMERICAL METHOD FOR CALCULATING THE MEAN TEMPERATURE For zeotropic refrigerants, the nonlinearity of the temperature versus enthalpy curve forces some of the assumptions from the previous section to be discarded. Returning to the definition of the heat transferred between two streams in a heat exchanger,



(15)



1 δQ ∆Tmw



(18)



As the number of steps approaches infinity, Eq. (18) becomes similar to Eq. (15), defining a new mean temperature.



APPLICATION OF THE NUMERICAL TECHNIQUE Software Tools The Engineering Equation Solver (EES) software package was used extensively for this research (Klein and Alvarado,



1997). Ammonia-water mixture properties are calculated in EES using the correlation developed by Ibrahim and Klein (1993). To expand the number of available refrigerants, the National Institute of Standards and Technology’s Thermodynamic Properties of Refrigerants and Refrigerant Mixtures Database (REFPROP) was also utilized (McLinden et al., 1997). Calculation of the UA In order to find the U A derived in Eq. (18), the total heat transferred and the temperature difference between the water and mixture streams must be calculated at a number of points in the heat exchanger. The heat transferred can be defined as:



Q˙ T ot = m ˙ water (hwater,entrance − hwater,exit )



(19)



the endpoint specifications, and the values at each successive point in the heat exchanger (ni = 1, 2, 3 . . .) are calculated using the following equations.



Q˙ cumulative = qcum = hmix,step × ni m ˙ mix



(22)



hmix = qcum + hmix,entrance



(23)



qcum + hwater,exit m ˙ ratio



(24)



hwater =



or for the refrigerant: Twater = T (hwater , Phx ) Q˙ T ot = m ˙ mixture (hmix,exit − hmix,entrance )



(20)



where m ˙ is the mass flow rate and h is the enthalpy. By equating (19) and (20) a mass flow ratio can be defined.



m ˙ ratio =



m ˙ water hmix,exit − hmix,entrance = m ˙ mix hwater,entrance − hwater,exit



(21)



The end point states for both the water and the mixture must now be determined. A pinch point (PP) and concentration must also be chosen. For air-conditioning applications, a typical condenser entrance temperature for the water side is 29 ◦ C with a 5 ◦ C rise, so these are the values that will be used. The pressure in the heat exchanger (Phx ) is then found by evaluating the mixture at its exit, where the concentration, the quality (saturated liquid), and the temperature (29 ◦ C + PP) are known. With two independent properties (pressure and temperature) given, the endpoint enthalpies of the water stream can be found. Subcooling is not considered, so the mixture is entirely in the two-phase region, and its endpoint properties can be found using the pressure, concentration, and qualities of zero and one. In order to better visualize the transfer of heat between the water and the mixture streams, the total heat transferred will be redefined on a per refrigerant mass flow rate basis. The heat exchanger can then be divided into an arbitrary number of ˙ m sections (n) of equal δ Q/ ˙ mix . The heat transfer per unit mass flow rate of the mixture is directly related to the enthalpy, so an enthalpy step shall be defined as



Tmix = T (hmix , Phx , Concentration)



∆Tmw = Tmix − Twater



For each desired pinch point and refrigerant, the values of qcum and ∆Tmw calculated in Eqs. (22-25) are numerically integrated by EES to find the actual UA (Eq. (22) is an implicit equation in EES). Comparison of the UAs: Development of Error Scales Once the UA is known, it can be compared with the heat exchanger area that is found using the traditional log mean temperature difference method (UALM T D ). This can be calculated using a slightly altered version of Eq. (15): δT1 = Tmix,entrance − Twater,exit



δT2 = Tmix,exit − Twater,entrance



LM T D = hmix,step =



hmix,exit − hmix,entrance n



The initial temperature difference between the refrigerant and the water and the amount of heat transferred are known from



(25)



U ALM T D =



δT2 − δT1 2 ln δT δT1



˙ mix Q˙ total /m LM T D



(26)



Two separate error scales were developed to account for both major and minor discrepancies between the U A and the U ALM T D . For most mixtures, a standard error (SE) is adequate:
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|U A − U ALM T D | × 100 UA
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T [K]
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325 320



For some mixtures in this study, however, standard errors were too tightly grouped to provide a meaningful scale for evaluation. In order to properly evaluate the error for these mixtures, a log error ratio (LER) is defined as



315 310 305



LER = − log(



300



U ALM T D ) UA



By using either the SE or the LER, every possible range of refrigerant U A error can be analyzed.
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Figure 1.



NH3 /H2 O - Concentration = 0.99, Pinch = 1 K



RESULTS



Ammonia Concentration = 0.95, Pinch = 5 [K]



380



Ammonia-Water Mixtures: The Fallacy of an End-Point Pinch The nonlinearity of NH3 /H2 O can lead to results that are physically unrealistic. For example, at a concentration of 99% and a pinch point of 1 K, the LMTD is found to be 9.6 K, rekJ sulting in a U A equal to 132.72 kg·K . In fact, a pinch of 1 K at the mixture inlet is impossible, as demonstrated in Figure 1. An identical problem occurs at the same pinch for a concentration of 98%. Furthermore, by examining a ninety-five percent
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Ammonia-Water Mixtures: Properties Ammonia-water (NH3 /H2 O) mixtures, which are commonly used in absorption refrigeration systems, generally have extremely nonlinear temperature profiles. This nonlinearity indicates a potential for large error when the LMTD is used to compute the size of a heat exchanger, and is therefore an ideal case for the initial application of the methods developed in the previous section. Temperature-enthalpy nonlinearities are more pronounced for ammonia-water mixtures that are composed of predominantly one substance (Grossman et al., 1995). Three separate mixture concentrations were studied: ninety-five percent, ninetyeight percent, and ninety-nine percent ammonia. These are typical concentrations for condensers in ammonia-water absorption refrigeration cycles. Furthermore, each mixture was analyzed at five minimum temperature differences, or pinch points, that ranged from 1-10 K at the refrigerant mixture entrance . Given the above conditions, the temperature of the NH3 /H2 O refrigerant stream was found to range widely, from approximately 30 to 100 ◦ C. While the temperature glides and the operating pressures vary with both pinch and concentration, glide increases significantly with concentration while pressure is a weak function of pinch, as expected.
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Concentration and Nonlinearity for NH3 /H2 O



ammonia mixture at a pinch point of 5 K (Figure 2), it can be observed that while the nonlinearity increases with ammonia concentration, it remains strong even at ninety-five percent. To avoid physically impossible calculations, care was taken to select pinch points where the streams’ temperatures would not cross. It should be noted, however, that for NH3 /H2 O, all listed pinch conditions are solely applicable to the mixture entrance, as smaller temperature differences will consistently occur within the heat exchanger. The occurrence of an internal pinch can be predicted by comparing the value of ∂h/∂T for the refrigerant mixture at the inlet and the outlet. If
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Table 2.



UA Error for NH3 /H2 O



Percent



Component



Pinch (K) 1



2



3



1



2



3



Name



LER



1



32



125



134a



0.23



0.25



0.52



407c



56.71



SE



2



32



125



134a



0.3



0.1



0.6



0.491



0.389



LER



3



32



152a



124



0.2



0.2



0.6



75.28



67.68



59.12



SE



4



32



152a



134



0.3



0.4



0.3



1.005



0.633



0.493



0.379



LER



5



32



152a



134a



0.4



0.5



0.1



90.11



76.71



67.89



58.22



SE



6



32



125



134a



0.1



0.7



0.2



7



125



143a



134a



0.4



0.45



0.15



8



32



134



n/a



0.5



0.5



n/a



9



32



125



n/a



0.5



0.5



n/a



1



3



5



7



10



95



1.161



0.682



0.533



0.446



0.364



93.09



79.21



70.66



64.18



1.806



0.844
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98.44



85.67



1.892 98.72
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Mass %



#



NH3



98



HCFC-22 Alternatives



then an interior pinch will occur (Venkatarathnam et al., 1996).
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Refrigerant # 8, Pinch = [5]
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Ammonia-Water Mixtures: Log Error Ratio As predicted, differences between the LMTD-calculated and the actual U A were observed at every concentration and pinch point. Since these differences could be quite large, the log error ratio was utilized. The LER does indeed provide a meaningful scale for evaluation, as can be seen in Table 1. For comparison, the standard error is also given in italics at each point. The U As at the smallest pinch points appear at first to be excessive, but this is because the streams at these points only narrowly avoid converging in temperature. For the water and refrigerant streams to actually converge to the same temperature, the heat exchanger area would need to be infinite, a reality reflected in the large actual U As.
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Other Refrigerants: Properties In addition to ammonia-water mixtures, zeotropic and nearazeotropic refrigerant mixtures that are currently under consideration as replacements for HCFC-22 were also analyzed. A literature search was conducted, and the most promising and/or widely endorsed mixtures were chosen for study, and are listed in Table 2 (all refrigerants will henceforth be referred to by their reference number). Refrigerants 1 and 8 are currently being considered by DuPont (Bivens, 1997), and refrigerant 9 (also known as AZ-20) has been developed by Allied Signal, two of the largest refrigerant producers in the United States. Refrigerants 3 through 5 were designated by Radermacher and Jung (1993) in their comprehensive survey as the most promising three-component blends. Refrigerant 2 was endorsed in a follow-up study to that survey (Mei et al., 1995). Refrigerant 2 was also earlier advocated by the Air Conditioning and Refrigeration Institute (ARI), as were refrigerants 6 and 7 (Kondepudi, 1992). Each refrigerant was analyzed at pinch points of 2 to 7 K at the mixture inlet. Refrigerant 9 is an exception to this; due to its concave rather than convex temperature profile, its pinch was
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specified at the mixture outlet. Throughout this range, the properties of these refrigerants varied widely, as did their operating pressures and temperature glides. The glides were much smaller than those observed for NH3 /H2 O, but the pressures were considerably higher. The linearity of temperature versus enthalpy has increased, as can be seen at a pinch of 5 K for Refrigerant 8 in Figure 3, but there is still the possibility of an interior pinch.



Other Refrigerants: Standard Error As would be expected from the smaller temperature glides, the U A error for refrigerants 1 through 9 is less than for



Table 3.



Standard Error for Refrigerants 1-9



Pinch (K) Number



2



3



4



5



6



7



1



1.341



0.887



0.652



0.510



0.416



0.348



2



0.009



0.044



0.050



0.047



0.045



0.042



3



6.535



5.511



4.765



4.194



3.740



3.363



4



8.052



6.151



4.969



4.157



3.564



3.110



5



4.527



3.385



2.694



2.231



1.896



1.644



6



n/a



6.539



3.662



2.541



1.928



1.538



7



n/a



n/a



4.379



2.066



1.414



1.070



8



11.417



8.544



6.810



5.642



4.797



4.159



9



0.111



0.086



0.071



0.060



0.052



0.045



NH3 /H2 O. Because |U A−U ALM T D | is relatively small, the standard error calculation will produce values that are easy to evaluate (Table 3).



CONCLUSIONS AND RECOMMENDATIONS While the Log Mean Temperature Difference is often used to determine the size (U A) of a heat exchanger, this calculation becomes invalid for mixtures when the working fluid exhibits a nonlinear temperature glide. An analysis of the derivation of the LMTD reveals assumptions that must be discarded. Most notably, it can no longer be assumed that the temperature will be an easily-determined function of the heat exchanged. In the case of ammonia-water, which was selected for study due to its strong nonlinearity, calculations utilizing the LMTD resulted in dramatic errors. For small pinch points, these errors may lead to heat exchangers that are undersized by as much as a factor of fifty. The LMTD is simply not valid, and a numerically calculated mean temperature should be used instead. For a given pinch point, the error generally increases with the ammonia concentration. At large pinch points, however, the magnitude of the differences in the error decreases between concentrations. For the refrigerant mixtures proposed as replacements for HCFC-22, the error is less, but clearly still exists. The magnitude of the error does not appear to directly correlate with the size of the temperature glide, as can be observed from comparing refrigerants 1 and 2 at a pinch of 2 K. Both their operating pressures and their glides are nearly the same, but refrigerant 1 has a standard error of 1.34% while refrigerant 2 has a SE of 0.01%. In general, the U A error decreases as the size of the pinch increases for both NH3 /H2 O and the replacement refrigerants. However, this is not the case for refrigerant 2; its error increases



until a pinch of 4 K, and at that point begins to decrease. For all other refrigerants, though, the change in the error also decreases with increasing pinch, which is both mathematically and conceptually logical. Modified cycles to exploit the unique characteristics of mixtures should be analyzed using the correct mean temperature difference. The potential efficiency improvement could then be properly evaluated for these refrigerant mixtures. Since the majority of refrigerants being considered in applications currently satisfied by R-22 are zeotropes, both the desorber-absorber heat exchange (DAHX) cycle and the liquid-line/suction-line heat exchanger (LLSL-HX) should be considered for new systems and for retrofits.
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