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Average Nusselt Number



The relevant definitions are



According to Krischer and Kast [1] the equations for determining the average Nusselt number in cross-flow over tubes, wires, and profiled cylinders are the same as those over a flat plate (> Chap. G4) if the characteristic length used in the calculation of the Reynolds and Nusselt numbers is the ‘‘streamed length.’’ This streamed length is the length of the entire path traversed by a particle in flowing over the surface presented to it by the body concerned. It is defined by Pasternak and Gauvin [2] as the total surface area A of the body divided by the maximum perimeter lc perpendicular to the flow: l¼



A lc



ð1Þ



The streamed length is shown in Fig. 1. For a long tube of the diameter d and the length L according to Eq. (1), we get l¼



p dL p ¼ d 2L 2



ð2Þ



The equation suggested by Gnielinski [3] for the average Nusselt number in cross-flow over tubes, wires, and profiled cylinders arranged as in standard engineering practice is qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ð3Þ Nul;0 ¼ 0:3 þ Nu2l;lam þ Nu2l;turb where pffiffiffiffiffiffi pffiffiffiffi Nul;lam ¼ 0:664 Rel 3 Pr



Nul ¼ a l=l; Rel ¼ wl=v; 10 < Rel < 107 Pr ¼ 0:6 % 1000 Tm ¼ ðTin þ Tout Þ=2 is the mean fluid temperature to which the properties are referred. Equation (3) is presented graphically for air (Pr ¼ 0.7) and water at 20' C (Pr ¼ 7) Fig. 2. If the Reynolds number is low, for example, in cross-flow over thin wires, the relationship Numin ¼ 0:3 cannot be used since the thickness of the boundary layer is not small when compared with the dimension of the object. However, the Nusselt number in this range can be determined from the Sucker and Brauer equation [4].



2



Cylinder in a Restricted Channel



It has been proved [3] that the Nusselt number for a cylinder in a narrow channel can also be determined from Eq. (3) if the velocity taken to calculate the Reynolds number is the integral mean value w along the surface of the cylinder. It is determined from the fluid velocity w0 in the cross section of the empty channel, as is illustrated in Fig. 3, and the void fraction of the



ð4Þ



and Nul;turb ¼



0:037 Re0:8 Pr 1 þ 2:443Rel%0:1 ðPr2=3 %1Þ



ð5Þ



The minimum value of Nul,0 in Eq. (3) results from the fact that, in practice, the length of a cylinder in cross-flow is always finite. Consequently, if the surrounding is at rest, the heat flux attains a minimum. The average Nusselt number for a cylinder thus asymptotically approaches a minimum, which is assumed to be Numin & 0:3 [3]. VDI-GVC (ed.), VDI Heat Atlas, DOI 10.1007/978-3-540-77877-6_28, # Springer-Verlag Berlin Heidelberg 2010



G6. Fig. 1. Definition of the streamed length.
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G6. Fig. 2. Course of Eq. (3) for air (Pr¼0.7) and water at 20 $ C (Pr¼7).



For gases, K is given by K ¼ KG ¼ ðTm =Tw Þ0:12



ð10Þ



where Tm is the temperature of the gas, and Tw is the temperature of the wall, both in Kelvin.



G6. Fig. 3. Cylinder in a restricted channel.
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flow channel over the length of the cylinder. Thus



Experiments by Vornehm [5] have shown that Nul decreases with the vertical angle between the direction of flow and the axis of the cylinder. The relationship is as follows:



w ¼ w0 =c



ð6Þ



Effect of an Inclined Flow to the Cylinder



if the height of the channel is h, c¼1#



3



pd 4h



ð7Þ



The Effect of Temperature-dependent Variations in Properties



The direction of heat flux (heating or cooling) affects heat transfer if the properties depend on temperature. A factor K is taken to allow for this [3], that is, Nul ¼ Nul;0 K



ð8Þ
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5 1. 2. 3.



For liquids, K is given by K ¼ KF ¼ ðPr=Prw Þ0:25



ð9Þ



4.



where Pr is the Prandtl number at Tm ; and Prw, is that at the wall temperature at Tw :



5.



Bibliography Krischer O, Kast W (1978) Die wissenschaftlichen Grundlagen der Trocknungstechnik, 3rd edn. Springer, Berlin Pasternak IS, Gauvin WH (1960) Turbulent heat and mass transfer from stationary particles. Can J Chem Eng 38:35–42 Gnielinski V (1975) Berechnung mittlerer Wa¨rme- und Stoffu¨bergangskoeffizienten an laminar und turbulent u¨berstro¨mten Einzelko¨rpern mit Hilfe einer einheitlichen Gleichung. Forsch -Ing Wes 41(5):145–153 Sucker D, Brauer H (1976) Wa¨rme- und Stoffu¨bertr.: Stationa¨rer Stoff- und Wa¨rmeu¨bergang an Stationa¨r quer angestro¨mten. Zylindern 9(1):1–12 Vornehm L (1936) Einfluss der Anstro¨mrichtung auf den Wa¨rmeu¨bergang. Z VDI 80(22):702–703



G7



Heat Transfer in Cross-flow Around Single Rows of Tubes and Through Tube Bundles



G7 Heat Transfer in Cross-flow Around Single Rows of Tubes and Through Tube Bundles Volker Gnielinski Karlsruher Institut fu¨r Technologie (KIT), Karlsruhe, Germany



1



Definition of the Heat Transfer Coefficient . . . . . . . . . . 725



6



Effect of Temperature-Dependent Variations in Properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 727



2



Determination of the Heat Transfer Coefficient for a Single Row of Tubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 725



7



Effect of Turbulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 728



8



Oblique Flow Over Tube Bundles . . . . . . . . . . . . . . . . . . . . 728



9



Example of a Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 728



10



Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 729



3



Determination of the Heat Transfer Coefficient in a Tube Bundle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 725



4



Partly Staggered Tube Bundles . . . . . . . . . . . . . . . . . . . . . . . 726



5



Effect of the Number of Rows . . . . . . . . . . . . . . . . . . . . . . . . 727



1



Definition of the Heat Transfer Coefficient



where Nul;lam ¼ 0:664



The average coefficient of heat transfer a at the surface of a row of tubes and in a tube bundle is defined by



Nul;turb ¼



q_ ¼ a DTL M



DTL M



where Tin and Tout are the inlet and outlet temperatures, respectively, of the flowing medium, and Tw is the wall temperature.
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Determination of the Heat Transfer Coefficient for a Single Row of Tubes



The average Nusselt number for cross-flow over a single row of tubes can be calculated from Eq. (3) in > Chap. G6 for the single tube, if the characteristic velocity in the Reynolds number in Eq. (3) is replaced by the average velocity in the void between the tubes in the row. The void fraction, which depends on the transverse pitch ratio a ¼ s1 =do in the row, as is illustrated in Fig. 1, is given by p ð1Þ c¼1" 4a Thus, the following applies for NuO;row according to > Chap. G6: qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ NuO;row ¼ 0:3 þ Nu2l;lam þ Nu2l;turb ð2Þ VDI-GVC (ed.), VDI Heat Atlas, DOI 10.1007/978-3-540-77877-6_29, Springer-Verlag Berlin Heidelberg 2010



#



0:037 Re0:8 c;l Pr



2=3 1 þ 2:443Re"0:1 " 1Þ c;l ðPr



Nu0;row ¼



The variable DTLM is the logarithmic mean temperature difference and is given for a constant wall temperature boundary condition by ðTw " Tin Þ " ðTw " Tout Þ ; ¼ ln ðTw " Tin i Þ ðTw " Tout Þ



ﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ p Rec;l 3 Pr



wl cn n Pr ¼ a



Rec;l ¼



al l



10 < Rec;l < 106 0:6 < Pr < 103



ð3Þ ð4Þ ð5Þ ð6Þ ð7Þ



l ¼ ðp=2Þd0 is the streamed length, i.e., the length of the flow path traversed over a single tube (see Fig. 1 of > Chap. G6), and w is the velocity of the flowing medium in the free cross section of the row. Tm ¼ ðTin þ Tout Þ=2 is the mean temperature at which the physical properties of the flowing medium are evaluated. If the turbulence in the inflowing medium is low, e.g., if there is pronounced acceleration in the channel inlet or if diffusers have been installed to ensure steady flow, deviations in the Nusselt number of up to 40% may occur in the 104 < Rec;l < 106 range, as has also been observed in a crossflow over a single tube [1].



3



Determination of the Heat Transfer Coefficient in a Tube Bundle



The average Nusselt number in a cross-flow over a bundle of smooth tubes can be calculated from that in a cross-flow over a single tube [2]. However, if the flow velocity is the same in both cases, the Nusselt number for a tube in a bundle is higher than that for a single tube exposed to this velocity in free flow. The enhancement depends on the longitudinal pitch and the
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G7. Fig. 1. Lateral spacing in a row of tubes.



G7. Fig. 2. Lateral and longitudinal spacing in tube bundles.



transverse pitch of the bundle. The Nusselt number of the single tube in cross-flow can be determined from Eq. (3) in > Chap. G6 if the Reynolds number is selected in the same way as that for an individual row of tubes, i.e., if the characteristic velocity for the flowing medium is the average in the void fraction of a row over a length corresponding to the tube diameter. The following applies in this case [2]:



Equation (17) was derived from experimental measurements with b $ 1:2; the available measurements with b < 1.2 have a ratio ðb=aÞ $ 1. Tube bundles with an in-line tube arrangement and a longitudinal pitch ratio b < 1.2 behave – according to the available data [1] for Rec;l < 104 – more like parallel channels, which are formed by the tube rows, with the tubes lying narrowly behind one another. An expected increase in the heat transfer coefficient due to the turbulence enhancement caused by the tube rows, which is expressed by Eq. (17), does not occur or is insignificant. Due to the lack of experimental data, no better information can be given. The factor for the staggered tube arrangement is



Nu0;bundle ¼ fA Nul;0



ð8Þ



The void fraction and the arrangement factor fA depend on the transverse pitch ratio a ¼ s1 =do and the longitudinal pitch ratio b ¼ s2 =do in the tube bundle. The determination of a and b for various arrangements of the tube bundle is illustrated in Fig. 2. The void fraction is given by p for b $ 1 ð9Þ c¼1# 4a p c¼1# for b < 1 ð10Þ 4ab According to Eq. (3) in > Chap. G6, Nul;0 is given by qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Nul;0 ¼ 0:3 þ Nu2 l;lam þ Nu2 l;turb



ð11Þ



where Nul;lam ¼ 0:664 Nul;turb ¼



1þ



ffiffiffiffi pffiffiffiffiffiffiffiffiffi p Rec;l 3 Pr



0:037 Re0:8 c;l Pr 2=3 2:443 Re#0:1 c;l ðPr



Nu0;bundle ¼ wl cn n Pr ¼ a



Rec;l ¼



al l



ð12Þ # 1Þ



10 < Rec;l < 106 0:6 < Pr < 103



ð13Þ ð14Þ ð15Þ ð16Þ



l ¼ ðp=2Þd0 is the streamed length of a single tube, w is the velocity of the flowing medium in the free cross section outside the bundle, and Tm ¼ ðTi þ To Þ=2 is the mean temperature of the flowing medium at which the physical properties are evaluated. The factor fA for in-line tube arrangement is given by fA;in-line ¼ 1 þ where c is given by Eq. (9).



0:7 ðb=a # 0:3Þ ; c1:5 ðb=a þ 0:7Þ2



ð17Þ



fA;stag ¼ 1 þ



2 : 3b



ð18Þ



fA;in-line is shown as a function of the transverse pitch ratio a and the longitudinal pitch ratio b in Fig. 3; and fA;stag is shown as a function of the longitudinal pitch ratio b in Fig. 4. An alternative calculation method, which does not need the empirical factors fA,in-line and fA,stag from Eqs. (17) and (18), respectively, for the enhancement of the heat transfer in a bundle, as compared to a single tube, was suggested, in 2000, by Martin and Gnielinski [3], and, in a slightly improved version, in 2002, by Martin [4]. This newer method, based on the so-called Le´veˆque analogy (see Martin [5]), allows to calculate heat (or mass) transfer coefficients from the frictional pressure drop. Shah and Sekulic [6] recommend this newer method [4] in their Fundamentals of Heat Exchanger Design of 2003. Here in Part G, the earlier empirical method is still presented in order to be consistent within all the > Chaps. G6, > G7, > G8, and > G9, which depend upon each other. The new method [4] may well be used for tube bundles in a pure cross-flow, but the application in the more complex configurations on the shell side of baffled shell-and-tube heat exchangers (> Chap. G8) cannot be recommended at the present state of knowledge. A lot of additional testing and comparison will be needed before the newer method is used in the whole Part G.
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Partly Staggered Tube Bundles



The pitch ratios a, b, and c in a partly staggered tube bundle are illustrated in Fig. 5. The average Nusselt number for these
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G7. Fig. 3. Factor fA;in-line for tubes arranged in-line as a function of the lateral and longitudinal spacing ratios.
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G7. Fig. 4. Factor fA;stag for staggered arrangements of tubes as a function of longitudinal spacing ratio.



Effect of the Number of Rows



The value of the heat transfer coefficient measured for a tube row in a bundle depends on the number of preceding rows. It increases from the first row to about the fifth row and then remains constant. If the average Nusselt number has to be determined for bundles with ten or more rows, the effect of the first few rows needs no longer to be taken into consideration. In other words, Eq. (8) is valid for the Nusselt number in any row of a bundle with a large number of rows after the inlet effects have diminished and also for the average Nusselt number in a bundle of ten or more rows. If the number of rows is less then ten, the average Nusselt number can be approximately determined from Nu0;bundle ¼



1 þ ðn % 1ÞfA Nul;0 n



ð21Þ



where n is the number of rows.
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Effect of Temperature-Dependent Variations in Properties



The direction of heat flux (heating or cooling) affects heat transfer. This can be taken into consideration by introducing a correction factor K as follows [2]: Nurow ¼ Nu0;row K Nubundle ¼ Nu0;bundle K



The factor K for liquids with Pr =PrW > 1, i.e., liquid heating, is given by



G7. Fig. 5. Spacing ratios for partly staggered tube bundles.



arrangements can also be determined from Eq. (8) if those with pitch ratios c < a/4 are regarded as in-line; and those with c a=4 as completely staggered. Thus, fA;part:stag ¼ fA;in-line fA;part:stag ¼ fA;stag



for c < a=4 for c a=4



ð22Þ ð23Þ



ð19Þ ð20Þ



K ¼ KL ¼ ðPr =PrW Þ0:25



ð24Þ



where Pr is the Prandtl number for the liquid at Tm , and PrW is the Prandtl number at the wall temperature TW . If Pr =PrW < 1, i.e., liquid cooling, then K ¼ KL ¼ ðPr =PrW Þ0:11



ð25Þ
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The effect of temperature-dependent property variations on heat transfer in gases can be described within certain limits by K ¼ KG ¼ ðTm =TW Þn



ð26Þ



where Tm is the mean gas temperature in Kelvin ðTm ¼ ðTm =# C þ 273:1 K Þ and TW the Kelvin temperature of the tube wall.) The index n in Eq. (26) depends on the gas. There have been very few studies in which the Tm =TW ratio has been systematically varied. A value of n = 0 has been reported for cooling of air in a cross-flow over a tube bundle [7]; and a value of n = 0.12 for the cooling of nitrogen in a crossflow over a single cylinder [8].
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Effect of Turbulence



The degree of turbulence affects the heat transfer coefficient in the first few rows of a tube bundle. It was found experimentally that the heat transfer coefficient in the first row increased by about 42% when the degree of turbulence in the air flowing through the tube bundle was increased (by installing coarse screens at inlet) from 0.008 (very smooth flow) to 0.25 [9]. The enhancement in the heat transfer coefficient decreased from one row to the other and became negligible after the fifth row. Significant improvements in heat transfer can thus be achieved by increasing artificially the degree of turbulence in front of the tube bundle; this leads, however, to an increase in the pressure drop. Therefore, it is applied only in bundles with a few number of rows.
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Oblique Flow Over Tube Bundles



Several studies [10–12] have revealed that the coefficient of heat transfer in oblique flow over tube bundles can be determined if the effective velocity of the flowing medium is taken to be the component perpendicular to the axes of the tubes. In this case, Eq. (15) becomes Rec; l ¼ ðw sin yÞ l=ðc nÞ, where y is the angle between the direction of flow and the axes of the tubes. In transverse flow, y ¼ 90# and sin y ¼ 1.
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Example of a Calculation



Water flows through a tube bundle placed in a rectangular _ ¼ 100 kg=s and an inlet channel at a mass flow rate of M temperature of 20# C. The tube bundle has an in-line tube arrangement with a transverse pitch of 30 mm and a longitudinal pitch of 26 mm. The tube bundle has six rows; each row has ten tubes with an outside diameter of 20 mm and a tube length of 2 m. The distance between the axis of the outermost tubes of the bundle and the adjacent channel sides amounts to 15 mm. The channel cross section is thus 0.3 m wide and 2 m long. The tubes of the bundle are heated from inside; they have a wall temperature of 100# C. It is required to calculate the water temperature at the outlet of the channel. Because of the temperature dependence of the properties of the water, the problem can be solved only iteratively. List of the given data: _ ¼ 100 kg=s M



n = 6 rows of tubes



Tin ¼ 20# C



dO = 0.02 m



#



Tw ¼ 100 C



l ¼ ðp=2Þ0:02 m



L=2m



s1 ¼ 0:03 m



z = 10 tubes/row



s2 ¼ 0:026 m



Calculation of the geometrical data: a ¼ s1 =do ¼ 30=20 ¼ 1:5; b ¼ s2 =do ¼ 26=20 ¼ 1:3 Exchange area A ¼ p do z n L ¼ 7:54 m2 ; Free cross section in front of the S ¼ z s1 L ¼ 10 % 0:03 % 2 ¼ 0:6 m2 ; p ¼ 0:4764 ðEq: ð9ÞÞ c¼1& 4 % 1:5



bundle:



Factor for the arrangement of the tubes: in-line tubes fA;in-line ¼ 1 þ



0:7 ð1:3=1:5 & 0:3Þ ¼ 1:491 0:47641:5 ð1:3=1:5 þ 0:7Þ2



The physical properties are taken from > Subchap. D2.1. Steps of interation for the example are given in Table 1.



G7. Table 1. Steps of iteration for the example of a calculation Step of iteration #



1. Step



2. Step



3. Step



Tin = C



20



20



20



Tout =# C



90



30



29.6



55



25



24.8



0.512



0.893



0.897



0.6492



0.6072



0.6068



Tm ¼ ðTin þ Tout Þ=2 nðTm Þ=10



&6



2



m =s



lðTm Þ=W=ðmKÞ rðTm Þ=kg=m



3



985.69



997.05



997.09



cp ðTm Þ=J=ðkg KÞ



4,182



4,179



4,179



PrðTm Þ



3.248



6.128



6.163 1.757



Prw



1.757



1.757



_ w ¼ M=ðrðT m Þ % S=m=sÞ



0.169



0.167



0.167



Eq. (15): Rec;l ¼ w l=ðc nðTm ÞÞ



21,767



12,332



12,277



Eq. (12): Nul;lam ¼ 0:664ðRec;l Þ1=2 Pr ðTm Þ1=3



145.1



134.9



134.9



Heat Transfer in Cross-flow Around Single Rows of Tubes and Through Tube Bundles



G7



G7. Table 1. (continued) Step of iteration



1. Step 0:037Re0:8 c;l PrðTm Þ



2. Step



3. Step



171.1



131.3



131.0



224.6



188.5



188.3



316.5



265.6



265.3



369.1



363.0



363.1



a ¼ Nubundle lðTm Þ=l=W=ðm KÞ



6015.4



7016.0



7013.3



ðTw %Tin Þ%ðTw %Tout Þ ln Tw %Tin i =Tw %Tout



33.66 K



74.89 K



75.10 K



1,526,686.9



3,961,728.9



3,971,309.2



Equation (13): Nul;turb ¼



2=3 %1Þ 1þ2:443Re%0:1 c;l ðPr ðTm Þ



Equation (11): Nul;0 ¼ 0:3 þ ðNu2l;lam þ Nu2L;turb Þ1=2 Equation (21): Nu0;bundle ¼



1þðn%1ÞfA;in- line n



Nul;o 0:25



Equation (23): Nubundle ¼ Nu0;bundle ðPrðTm Þ=Prw Þ 2



DTL M ¼



Q_ ¼ a A DTL M =W Tout ¼



Q_ _ p ðTm Þ Mc



þ Tin



The physical properties of the water do not change at a mean temperature of Tm ¼ ð20 þ 29:5Þ=2 ¼ 24:75$ C compared with 24.8$ C. Therefore, no additional step of iteration is necessary. The temperature of the water at the exit is 29.5$ C.
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