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Shell-and-Tube Heat Exchangers with Segmental Baffles



1.1



Introduction



The flow in the shell-side of a shell-and-tube heat exchanger with segmental baffles is very complex. The segmental baffles lead to a main stream SM inside the shell, as shown in Fig. 1, which is partly across and partly parallel to the tubes. Unavoidable gaps between the tubes and the holes in the baffles, and between the baffles and the heat exchanger shell cause leakage streams SL , which may modify the main stream significantly. Since the tubes of the heat exchanger cannot be brought very close to the shell, bypass streams SB may exist, which also influence the main stream. The flow direction of the main stream relative to the tubes is different in the window sections created by the baffle cuts from that in the cross flow sections existing between the segmental baffles. To calculate the pressure drop in the window sections different equations are needed than those used in the cross flow sections. The spacing between the heat exchanger sheets and the first and the last baffles, which is mostly dictated by the diameter of the inlet and outlet nozzles, differs in many cases from the spacing between two adjacent baffles and some of the aforementioned streams are not present in the first and the last heat exchanger sections. This adds to the complexity of the problem. The procedure described in this chapter for calculating the shell-side pressure drop in shell-and-tube heat exchangers with segmental baffles is based principally on the Delaware method [1], in which the shell-side is divided into a number of sections. The pressure drop in the different sections is calculated separately and the total pressure drop in the heat exchanger is obtained as a summation of the individual pressure drops. The influence of leakage streams and bypass streams on the pressure drop is taken into consideration by means of correction factors. Unlike the Delaware method the pressure drop across the tube bundle is not obtained from diagrams, but
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from the equations presented in > Subchap. L1.4. The modified calculation procedure is examined through a large number of experimental measurements available in the open literature [2].



1.2



Required Geometrical Data



The following geometrical parameters are required for the calculation of the total pressure drop in a shell-and-tube heat exchanger with segmental baffles: DB ,DBE Tube bundle diameters (in most cases DBE



DB )



Di



Inside shell diameter



D1



Baffle diameter



do



Outer diameter of tubes



dB



Diameter of holes in baffles



dN



Nozzle diameter



H



Height of baffle cut



LE



Sum of the shortest connections e and e1 (see Fig. 4,LE ¼ 2e1 þ Se)



nT



Total number of tubes in heat exchanger including blind and support tubes



nW



Number of tubes in both upper and lower windows (baffle cuts)



nRW



Number of tube rows in a window section



nS



Number of pairs of sealing strips



nB



Number of baffles



nMR



Number of main resistances in a central cross flow section



nMRE



Number of main resistances in an end cross flow section



S



Baffle spacing between adjacent baffles



SE



Baffle spacing between heat exchanger sheets and adjacent baffles (in many cases SE ¼ S)



s1



Transverse pitch



s2



Longitudinal pitch



Tube arrangement: in-line or staggered.
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L1.5. Fig. 1. Fluid flow in the shell-side of a shell-and-tube heat exchanger with segmental baffles, SM Main stream (partly across and partly parallel to the tubes), SL Leakage stream, SB Bypass stream.



DpQ = pressure drop in a central cross flow section DpQE = pressure drop in an end cross flow section DpW = pressure drop in a window section DpN = pressure drop in both nozzles In Eq. (1), nB is the number of baffles. The difference in the pressure drop between end window sections and central window sections – as a result of a possible difference in the baffle spacing S and SE – is ignored in Eq. (1). Equation (1) gives the irreversible pressure drop due to friction and flow separation in the wake region behind the individual tubes in the shell-side of the heat exchanger. Other reversible components of pressure change, which may or may not be present, due to change in momentum flow rate (in case of gases with relatively high density change between the inlet and outlet of the heat exchanger) or due to change in hydrostatic pressure (in case of liquids with relatively high level difference between the inlet and outlet nozzles) are treated in > Subchap. L1.4.



1.3.1



Pressure Drop in a Central Cross Flow Section



A central cross flow section is that part of the heat exchanger shell, which lies between two adjacent baffles and is bounded from the top and the bottom by the planes that touch the upper and lower edges of the baffle cuts. A heat exchanger with nB baffles has ðnB ! 1Þ central cross flow sections. According to K. J. Bell [1], the pressure drop in a central cross flow section may be calculated from the following equation: L1.5. Fig. 2. Components of the shell-side pressure drop as given by Eq. (1).



DpQ ¼ DpQ;0 fL fB ;



ð2Þ



where



1.3



Shell-Side Pressure Drop



The pressure drop Dp in the heat exchanger shell – as seen in Fig. 2 – may be calculated from the following equation: Dp ¼ ðnB ! 1ÞDpQ þ 2DpQE þ nB DpW þ DpN ; where



ð1Þ



DpQ;0 = pressure drop in a tube bundle with cross flow under real operating conditions in the absence of leakage and bypass streams fL = correction factor to take in consideration the influence of leakage streams through the gaps between the tubes and the holes in the baffles and through the gaps between the baffles and the heat exchanger shell
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fB = correction factor to take in consideration the influence of bypass streams through the gaps between the outermost tubes in the bundle and the inside surface of the heat exchanger shell. According to E. S. Gaddis and V. Gnielinski [3] (see also the pressure drop DpQ;0 may be calculated from



we ¼



rwe2 ; 2



ð3Þ



where x = drag coefficient for the tube bundle nMR = number of main resistances in the path of the main flow in a cross flow section r = fluid density we = characteristic velocity The number of main resistances nMR in the path of the main flow in a cross flow section is equal to the number of the shortest connection lengths between the tubes, which has to be crossed by the main flow during its motion in a cross flow section from one edge of the segmental baffles to the other. For an in-line tube arrangement and a staggered tube arrangement having the shortest connection between adjacent tubes present in the same row, the number of main resistances nMR is equal to the number of the tube rows nR in a central cross flow section. For a staggered tube arrangement having the shortest connection between adjacent tubes present in two neighboring rows, the number of main resistances nMR is equal to ðnR # 1Þ. Further, a main resistance that lies on the baffle edge marking the boundary between a central cross flow section and a window section counts only as a half resistance. In general, the drawings of the heat exchanger should be used in evaluating the number of the main resistances. Figure 3 illustrates the rules for evaluating nMR . The characteristic velocity w e is the mean fluid velocity in the narrowest cross section measured in the tube row on or near to the shell diameter parallel to the edge of the baffle cuts and is calculated from



L1.5. Fig. 3. Determination of the number of main resistances nMR .



ð4Þ



with V_ the fluid volumetric flow rate through the heat exchanger shell. The flow area AE in Eq. (4) is given by AE ¼ SLE :



> Subchap. L1.4),



DpQ;0 ¼ xnMR



V_ ; AE



ð5Þ



LE is the sum of the shortest connections connecting neighboring tubes and the shortest connections between the outermost tubes and the shell measured in the tube row on or near the shell diameter parallel to the edge of the baffle cuts ðLE ¼ 2e1 þ SeÞ. For an in-line tube arrangement and for a staggered tube arrangement with the narrowest cross section between adjacent pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ tubes in the same row (i.e.,b % 0:5 2a þ 1)e is calculated from with the e ¼ ða # 1Þdo and for a staggered tube arrangementpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ narrowest cross section in the diagonal (i.e.,b < 0:5 2a þ 1)e is calculated from e ¼ ðc # 1Þdo . Equations (17–19) define a,b, and c. Figure 4 illustrates the definition of LE ,e, and e1 . Tie rods connecting the baffles together and fixing the baffle spacing, which influence the length LE (and thus reducing the area AE ), should be considered in evaluating LE . The drag coefficient x is given by the following equations: For in-line tube arrangement # ! "$ Re þ 1000 x ¼ xlam fz;l þ xturb fz;t 1 # exp # ð6Þ 2000 with xlam ¼



fa;l;f ; Re



280p½ðb0:5 # 0:6Þ2 þ 0:75( ; ð4ab # pÞa1:6 fa;t;f xturb ¼ 0:1ðb=aÞ ; Re " % &0:6 # 1 # 0:94 b ) 100:47ððb=aÞ#1:5Þ ¼ 0:22 þ 1:2 ða # 0:85Þ1:3 fa;l;f ¼



fa;t;f



þ ½0:03ða # 1Þðb # 1Þ(:



ð7Þ ð8Þ ð9Þ ð10Þ
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L1.5. Fig. 4. Definition of LE ,e and e1 .



For staggered tube arrangement: " !# Re þ 200 x ¼ xlam fz;l þ xturb fz;t 1 " exp " 1000



fz;t ¼ ð11Þ



with fa;l;v ; Re h i 2 280p ðb0:5 " 0:6Þ þ0:75 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ for b % 0:5 2a þ 1 1:6 ð4ab " pÞa xlam ¼



fa;l;v and



fa;l;v ¼



h i 2 280p ðb0:5 " 0:6Þ þ0:75 ð4ab "



pÞc 1:6



xturb ¼



ð13Þ



pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ for b < 0:5 2a þ 1; ð14Þ



fa;t;v 0:25 Re!



!3 1:2 b þ 0:4 " 1 a ða " 0:85Þ1:08 )a *3 " 0:01 " 1 ; b s1 a ¼ transverse pitch ratio; d0 s2 b ¼ longitudinal pitch ratio; d0 + ,0:5 c ¼ ða=2Þ2 þb2 diagonal pitch ratio:



fa;t;v ¼ 2:5 þ



ð12Þ



ð15Þ



ð16Þ ð17Þ ð18Þ ð19Þ



The definition of the Reynolds number Re in the above equations is given by Re ¼



we do r



:



ð20Þ



The correction factors fz;l and fz;t for laminar and turbulent flow, respectively, take in consideration the influence of the change in the physical properties in the thermal layer adjacent to the tube surface due to heating or cooling of the shell-side fluid and are defined by 0:57 ! 0:25 w ½ð4ab p "1ÞRe( fz;l ¼ ; ð21Þ



w



!0:14



:



ð22Þ



A correction factor to take in consideration the influence of the number of tube rows on the pressure drop – as in the case of a tube bundle in a cross flow (see > Subchap. L1.4) – is ignored because of the frequent change in the flow direction induced by the baffles. The dynamic viscosity and the density r in the above equations are to be evaluated at the mean fluid temperature #m ¼ ð#in þ #out Þ=2 and the dynamic viscosity w at the mean wall temperature #w . Moreover, for a gaseous medium with relatively high pressure drop, the gas density has to be evaluated at the mean gas pressure pm ¼ ðpin þ pout Þ=2; since the gas pressure at the outlet of the heat exchanger is not known a priori, an iteration procedure is required. The graphical presentations of the arrangement factors fa;l;f , fa;t;f , fa;l;v , and fa;t;v in dependence on the transverse pitch ratio a and the longitudinal pitch ratio b, the dependence of the factors between square brackets in Eqs. (6) and (11) on the Reynolds number, the position of the shortest connections between tubes in tube bundles with staggered tube arrangement in dependence on a and b as well as the dependence of the drag coefficient x on the Reynolds number in case of isothermal flow for six customarily used tube bundles are given in > Subchap. L1.4. Leakage Correction Factor



According to J. Taborek [4], the leakage correction factor fL may be calculated from . fL ¼ exp "1:33ð1 þ RM ÞRLr ð23Þ



with



r ¼ ½"0:15ð1 þ RM Þ þ 0:8(; AGSB ; RM ¼ ASG ASG : RL ¼ AE



ð24Þ ð25Þ ð26Þ



ASG is the sum of the areas of all gaps between the tubes and the holes in a baffle and between the shell and a baffle and is given by
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ASG ¼ AGTB þ AGSB :



ð27Þ



The area AGTB of all gaps between the tubes and the holes in a baffle is given by " # nW ! p dB2 $ do2 ð28Þ AGTB ¼ nT $ 4 2 and the area AGSB of the gap between the shell and a baffle is given by AGSB ¼



# 360 $ g p" 2 Di $ D12 ; 4 360



Bypass Correction Factor



The bypass correction factor fB is calculated from # ! pﬃﬃﬃﬃﬃﬃﬃﬃ"$ 1 fB ¼ exp bRB 1 3 2RS for RS < 2



and



In counting the number of tubes nW in both upper and lower windows, the tubes that lie on the edge of the baffles and are thus partly in a cross flow section and partly in a window section count as half tubes. The leakage correction factor fL in dependence on RL with RM as a parameter is shown in Fig. 5. Sedimentation and corrosion – if present during operation of the heat exchanger – might reduce the area of the gaps between the tubes and the holes in the baffles and between the shell and the baffles and might thus lead to an increase in the shell-side pressure drop with elapse of time. Depending on the expected amount of deposits during operation, the leakage correction factor fL, calculated from Eq. (23), should be correspondingly modified.



1 fB ¼ 1 for RS % ; 2



ð32Þ



b ¼ 4:5 for laminar flow ðRe < 100Þ



ð33Þ



where



ð29Þ



where g is the central angle of a baffle cut (see Fig. 10) measured in degrees and is given by $ % 2H g ¼ 2 cos$1 1 $ : ð30Þ D1



ð31Þ



and b ¼ 3:7 for the transition region and turbulent flow ðRe % 100Þ:



ð34Þ



The ratios RB and RS are given by AB ; AE nS RS ¼ : nMR



ð35Þ



RB ¼



ð36Þ



nS is the number of pairs of sealing strips (in Fig. 6, nS ¼ 2). The area AE in Eq. (35) is calculated from Eq. (5) and the flow cross sectional area AB , which is responsible for the bypass streams, is given by AB ¼ SðDi



DB



e Þ for e < ðDi



DB Þ



ð37Þ



and AB ¼ 0 for e % ðDi



DB Þ:



ð38Þ



The bundle diameter DB is the diameter of a circle, which touches the outermost tubes in the space between the upper and lower edges of adjacent baffles (see Fig. 10). Figure 7 shows the dependence of the bypass correction factor fB on RB and RS .



1.3.2



Pressure Drop in an End Cross Flow Section



An end cross flow section is that part of the heat exchanger shell, which lies between one of the tube sheets and the adjacent baffle, and is bounded at its outlet (for the inlet end cross flow section) or at its inlet (for the outlet end cross flow section) by



L1.5. Fig. 5. Leakage correction factor as a function of RL and RM as given by Eq. (23).



L1.5. Fig. 6. Arrangement for sealing strips nS (nS ¼ 2 in the figure).
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the plane that touches the edges of the baffle cuts. An inlet end cross flow section does not have leakage streams that flow in that section from a previous central cross flow section and an outlet end cross flow section does not have leakage streams that flow in a following central cross flow section. The influence of leakage on pressure drop in both end cross flow sections is thus ignored. Figure 8 shows the difference in the path of leakage
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streams between an end cross flow section and a central cross flow section. The pressure drop DpQE in an end cross flow section may be calculated from the following equation: DpQE ¼ DpQE;0 fB :



ð39Þ



DpQE;0 is the pressure drop in an end cross flow section in the absence of bypass streams. If the baffle spacing in an end cross flow section SE is equal to the baffle spacing S in a central cross flow section, then ! nMRE DpQE;0 ¼ DpQ;0 ð40Þ nMR with nMRE the number of main resistances in an end cross flow section (in Fig. 3a nMRE ¼ 7, in Fig. 3b nMRE ¼ 9, and in Fig. 3c nMRE ¼ 13). A main resistance that lies on the baffle edge marking the boundary between an end cross flow section and a window section counts only as a half resistance (see Example 1). If SE 6¼ S then DpQE;0 ¼ xnMRE



2 rwe;E : 2



ð41Þ



The velocity we;E is calculated from we;E ¼



S V_ ¼ we SE AE;E



ð42Þ



and AE;E ¼ SE LE :



ð43Þ



The drag coefficient x in Eq. (41) for an end cross flow section is calculated from Eq. (6) or (11); The Reynolds number Re in Eqs. (6, 7, 9, 11, 12, 15, 21) should be replaced by the Reynolds number in an end cross flow section ReE , which is defined by L1.5. Fig. 7. Bypass correction factor fB as a function of RB and RS as given by Eq. (31).



ReE ¼ Re



S : SE



L1.5. Fig. 8. Difference in the path of leakage streams between an end cross flow section and a central cross flow section.



ð44Þ
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The bypass correction factor fB is calculated from Eq. (31) or (32); the constant b in Eq. (31) is obtained from Eq. (33) or (34) depending on the numerical value of ReE .



1.3.3



According to E. S. Gaddis and V. Gnielinski [2], the pressure drop DpW in a window section may be calculated from qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 2 2 DpW ¼ DpW;lam fz fL : ð45Þ þ DpW;turb where DpW;lam



56 52 ¼ 4" # nMRW þ "d w r# ewz r



g



z



3 $ 2% $ % S rwz ð46Þ þ 25 2 dg



and DpW;turb



$ 2% rw z : ¼ ð0:6nMRW þ 2Þ 2



ð47Þ



nMRW is the number of the effective main resistances in a window section. It is not essential that the numerical value of nMRW is an integer; it can be calculated from nMRW ¼



0:8H : s2



ð48Þ



Equation (48) is valid when nMRW $ 2nRW , otherwise nMRW ¼ 2nRW (nRW is the number of tube rows in a window section). dg is the equivalent diameter of the flow area in a window section, which can be calculated from dg ¼



4AW UW



ð49Þ



with AW the cross-sectional flow area in a window section and UW the wetted perimeter, calculated from the following equations: AW ¼ AWT % AT



ð50Þ



The cross-sectional area AWT for a window section including the area of the window tubes is given by p " g # ðD1 % 2H ÞD1 "g# sin AWT ¼ Di2 % ð51Þ 4 4 360 2 and the area AT of the window tubes is given by p "nW # AT ¼ do2 : 2 4



ð52Þ



The wetted perimeter UW is calculated from "n # " g # W UW ¼ pDi : þ pdo 2 360



ð53Þ



In evaluating the equivalent diameter dg, the wetted area of the edge of the baffle has been ignored. The characteristic velocity wz in Eqs. (46) and (47) is evaluated from * +1=2 : ð54Þ wz ¼ we wp we is given by Eq. (4) and wp is calculated from



V_ : AW



ð55Þ



Equations for calculating the shortest connection e are given in Fig. (4). The correction factor fz in Eq. (45) takes in consideration the dependence of the physical properties on temperature; it is given by



Pressure Drop in a Window Section



2



wp ¼



fz ¼ fz;l for Re < 100; fz ¼ fz;t for Re & 100:



ð56Þ ð57Þ



The correction factors fz;l and fz;t are calculated from Eqs. (21) and (22). The leakage correction factor fL is given by Eq. (23). The influence of bypass streams in a window section has been ignored.



1.3.4



Pressure Drop in Inlet and Outlet Nozzles



The pressure drop DpN in both inlet and outlet nozzles may be calculated from DpN ¼ xN



rwN2 2



ð58Þ



with xN nozzle drag coefficient for both nozzles and wN nozzle velocity given by V_ 2 : 4 dN



wN ¼ p



ð59Þ



It is assumed that both nozzles have the same nozzle diameter dN and the same nozzle velocity wN. According to V. Gnielinski [5], the drag coefficient xN in the turbulent range, obtained from measurements with air and unbaffled shell-and-tube heat exchangers, may be correlated by $ %1:14 $ %$ % AN dN DBE 2:4 : ð60Þ xN ¼ 5:79 AF Di dN The ratio of the cross-sectional area AN of the nozzle to the free cross-sectional area AF of the heat exchanger shell is given by p 2 d AN ¼ p * 24 N 2 + : AF 4 Di % nT do



ð61Þ



The bundle diameter DBE is the diameter of a circle, which touches the outermost tubes of all tubes in the shell of the heat exchanger (including the tubes in the window sections). In most heat exchanger layouts DBE ' DB ; however this is not essential in every case. In some cases, the nozzle velocity wN in the outlet nozzle differs from that in the inlet nozzle, for example, the case of a gas with a large density difference between the inlet and outlet of the heat exchanger. In such cases, it is recommended to use different drag coefficients xN;in and xN;out for inlet and outlet nozzles, respectively. According to V. Gnielinski [5] $ %1:14 $ %$ % AN dN DBE 2:4 ; ð62Þ xN;in ¼ 3:308 AF Di dN $ %1:14 $ %$ % AN dN DBE 2:4 xN;out ¼ 2:482 : ð63Þ AF Di dN
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Equation (58) can then be used to calculate the pressure drop in each nozzle separately using the corresponding drag coefficient and the corresponding nozzle velocity. In analogy, the same procedure may be used if (in seldom cases) the diameter of the outlet nozzle is different from that of the inlet nozzle. In such cases, different numerical values for the nozzle diameter dN and the area ratio ðAN =AF Þ have to be used. According to V. Gnielinski [5], the nozzle drag coefficient is independent of the Reynolds number in the turbulent range. Previous estimation for the nozzle drag coefficient in the laminar and the turbulent ranges, based basically on sudden expansion of the flow at outlet of the inlet nozzle, was given by xN " 2. Measurements made by V. Gnielinski [5] show that this value may be approached if the free cross-sectional area in the heat exchanger shell is relatively large (i.e., small ratio ðAN =AF Þ). With decreasing free cross-sectional area in the shell (i.e., increasing number and diameter of the tubes in the shell), numerical values for xN as high as 13 were measured experimentally. In the absence of a detailed experimental investigation in the laminar range similar to that made in the turbulent range [5], it may be safer to use Eq. (60) for both laminar and turbulent ranges provided that the calculated value xN # 2; otherwise the value xN ¼ 2 should be used. Mostly the nozzle pressure drop in a shell-and-tube heat exchanger with a large number of segmental baffles, compared with the total pressure drop, is small. However, the high negative exponent of the nozzle diameter in the equation for the nozzle pressure drop indicates that with decreasing nozzle diameter the nozzle pressure drop may contribute considerably to the total pressure drop (Eq. (58) gives DpN / dN&3:12 and the equation xN ¼ 2 gives DpN / dN&4 ). Validity Ranges



The given equations for predicting the shell-side pressure drop may be used for heat exchangers having geometrical and operating parameters that lie within the following ranges: 1 < Re < 5 ' 104 3 ( Pr ( 103 S ( 1:0 Di H 0:15 ( ( 0:4 Di 0:2 (



RB ( 0:5 t 1:2 ( ( 2:0 do Di > 10 do fL # 0:4 fB # 0:4 The examined heat exchangers had tube bundles with equilateral triangular and staggered square tube arrangements [2]. The transverse pitch s1 and the longitudinal pitch s2 are related to the pitch t by the following relations:
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For an equilateral triangular tube arrangement: s1 ¼ t



ð64aÞ



s2 ¼ 0:866t



ð64bÞ



For a staggered square tube arrangement: s1 ¼ 1:414t



ð65aÞ



s 2 ¼ 0:707t



ð65bÞ



Measurements with in-line tube arrangement were not available. The fluids used were oil and water. The maximum deviations between measurements and predictions for the heat exchangers having geometrical and operating parameters within the ranges given above were about ) 35%. Heat exchangers with parameters highly outside the aforementioned ranges had much higher deviations. However, a small deviation from the mentioned geometrical and operating parameters did not lead immediately to much higher deviations. It is worth mentioning that the validity ranges of the geometrical and operating parameters for the pressure drop equations given in this chapter are based on pressure drop measurements. On the other hand, the validity ranges of the same parameters for the heat transfer equations given in > Chap. G8 are based on heat transfer measurements. It is not essential that the validity ranges of the parameters are the same in both cases. It is also important to emphasize that geometrical factors that lead to a reduction in the pressure drop have mostly a negative effect on the heat transfer performance of the heat exchanger; for example, increasing the area responsible for the bypass streams leads to a reduction in the pressure drop as well as in the heat transfer. This is also the case, when the gap area between the baffles and the exchanger shell is increased. On the other hand, increasing the gap area between the outer surface of the tubes and the holes in the baffles reduces the pressure drop but does not have the same adverse effect on the heat transfer as the gap area between the baffles and the shell, since leakage streams through the gap area between the tubes and the holes in the baffle contribute partly to heat transfer. All these factors have to be taken in consideration during dimensioning a shelland-tube-heat exchanger with segmental baffles.



1.3.5



Simplified Equations for Certain Ranges of the Reynolds Numbers



The given equations for predicting the pressure drop in a central cross flow section, an end cross flow section, or a window section are formed by superimposing a laminar term and a turbulent term. Consequently, they cover a wide range of the Reynolds number. Equations of this form allow simple computer codes. However, if computations are made with a pocket calculator at very low or very high numerical values of the Reynolds number, the computational effort can be significantly reduced by eliminating some of the terms of the equations. The simplifications of the equations are as follows:
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For calculating the pressure drop DpQ;0 in a central cross flow section: Each of Eqs. (6) and (11) may be replaced by For Re 10: x ¼ xlam fz;l :



ð66Þ



x ¼ xturb fz;t :



ð67Þ



For Re $ 104 :



The terms between square brackets in Eqs. (6) and (11) are effectively equal to unity in the range Re 104 . For calculating the pressure drop DpQE;0 in an end cross flow section, when S 6¼ SE : Equation (41) may be replaced by ! ! nMRE S 2#m DpQE;0 ¼ DpQ;0 : ð68Þ nMR SE The exponent m is given by For Re & 10 and ReE & 10 simultaneously: m ¼ 1 for both in#line and staggered tube



For Re



arrangements:



ð69Þ



104 and ReE 104 simultaneously: ! b m ¼ 0:1 for in#line tube arrangement; a m ¼ 0:25 for staggered tube arrangement:



ð70Þ ð71Þ



In every case, m is the exponent of the Reynolds number in Eqs. (7), (9), (12), and (15). For calculating the pressure drop DpW in a window section: Equation (45) may be replaced by For Re & 10: DpW ¼ DpW;lam fz;l fL : For Re



104 :



ð72Þ



DpW ¼



$qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ !% rwz2 fz;t fL : 4 þ ð0:6nMRW þ 2Þ2 2



ð73Þ



Example 1 Figure 9 is a longitudinal and Fig. 10 is a transverse cross section of a shell-and-tube heat exchanger with two tube passes. Water at a flow rate of 60 m3 h#1 is cooled in the heat exchanger shell from the inlet temperature #in ¼ 68:5oC to the outlet temperature #out ¼ 51:5 oC; the mean wall temperature amounts to 50oC. It is required to calculate the pressure drop through the heat exchanger shell due to friction and flow separation. Given geometrical data: Tube bundle diameter DB ¼ 560 mm Inside shell diameter Di ¼ 597 mm Baffle diameter D1 ¼ 590 mm Outer diameter of tubes do ¼ 25 mm Diameter of holes in baffles dB ¼ 26 mm Nozzle diameter dN ¼ 210 mm Height of baffle cut H ¼ 134:5 mm Total number of tubes in bundle nT ¼ 258 Number of tubes in both upper and lower windows nW ¼ 82 (Tubes that lie on the baffle edge, i.e., partly in a cross flow section and partly in a window section, count as half tubes (see Fig. 10).) Number of tube rows in a window section nRW ¼ 4:5 (A tube row that lies on the baffle edge, i.e., partly in a cross flow section and partly in a window section, counts as a half row (see Fig. 10).) Number of pairs of sealing strips nS ¼ 0 Number of baffles nB ¼ 8 Number of main resistances in a central cross flow section nMR ¼ 11 Number of main resistances in an end cross flow section nMRE ¼ 15:5



L1.5. Fig. 9. Longitudinal cross section in the heat exchanger of the example (dimensions in mm).
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L1.5. Fig. 10. Transverse cross section in the heat exchanger of the example (dimensions in mm).



(A main resistance that lies on the baffle edge, i.e., partly in a cross flow section and partly in a window section, counts as a half main resistance in calculating nMR and nMRE (see Fig. 10).) Baffle spacing between adjacent baffles S ¼ 250 mm Baffle spacing between the heat exchanger sheets and adjacent baffles SE ¼ 315 mm Transverse pitch s1 ¼ 32:0 mm Longitudinal pitch s2 ¼ 27:7 mm Staggered tube arrangement Further geometrical data are given in Figs. 9 and 10. Physical properties of water: 68:5 þ 51:5 ¼ 60" C 2 Density r ¼ 983 kg m#3



At a mean temperature #m ¼



Dynamic viscosity ¼ 467 $ 10#6 Pa s At mean wall temperature #w ¼ 50" C Dynamic viscosity



w



¼ 547 $ 10#6 Pa s



Solution: Calculation of the pressure drop DpQ in a central cross flow section: s1 32 ¼ ¼ 1:28 do 25 s2 27:7 ¼ 1:11 b¼ ¼ do 25 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ Check: Is b % 12 2a þ 1? (see Fig. 4) !1:11mm p ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ % 12 2 $ 1:28 þ 1 ¼ 0:943mm ! yes Thus, the shortest distance connecting adjacent tubes lies between tubes in the same row. Hence a¼



e ¼ ða # 1Þdo ¼ ð1:28 # 1Þ $ 25 ¼ 7 mm From Fig. 10 !e1 ¼ 29 mm and the number of the shortest distances e is 16. Thus LE ¼ 2e1 þ Se ¼ 2 $ 29 þ 16 $ 7 ¼ 170 mm



Equation ð5Þ: AE ¼ SLE ¼ 250 $ 170 ¼ 42500 mm2 ! 60 " V_ 3600 ¼ Equation ð4Þ: we ¼ ¼ 0:392 ms#1 AE 42500 $ 10#6 we do r 0:392 $ ð25 $ 10#3 Þ $ 983 Equation ð20Þ: Re ¼ ¼ 467 $ 10#6 4 ¼ 2:06 $ 10 ! % &3 1:2 b þ 0:4 Equation ð16Þ: fa;t;v ¼ 2:5 þ # 1 a ða # 0:85Þ1:08 'a (3 # 0:01 # 1 b ! % &3 1:2 1:11 þ 0:4 ¼ 2:5 þ #1 1:28 ð1:28 # 0:85Þ1:08 % &3 1:28 # 0:01 # 1 ¼ 5:48 1:11 The value of fa;t;v can also be obtained approximately from Fig. 9 in > Subchap. L1.4. fa;t;v 5:48 ¼ ¼ 0:457 Re0:25 ð2:06 $ 104 Þ0:25 &0:14 % &0:14 % 547 $ 10#6 w ¼ ¼ 467 $ 10#6



Equation ð15Þ: xturb ¼ Equation ð22Þ: fz;t



¼ 1:02 ðturbulent flowÞ



Since Re > 104 , Eq. (67) can be used, or x ¼ xturb fz;t ¼ 0:457 $ 1:02 ¼ 0:466 If Eq. (11) is used instead of Eq. (67) to calculate x, a value x ¼ 0:477 will be obtained. rw 2 Equation ð3Þ: DpQ;0 ¼ xnMR e ¼ 0:466 $ 11 % 2 & 983 $ 0:3922 $ ¼ 387 Pa 2
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Calculation of leakage correction factor fL : " # nW ! p dB2 # do2 Equation ð28Þ: AGTB ¼ nT # 4 2 % $ 82 p $ ð262 # 252 Þ ¼ 8692mm2 ¼ 258 # 2 4 $ % 2H Equation ð30Þ: g ¼ 2 cos#1 1 # D1 $ % 2 $ 134:5 ¼ 2 cos#1 1 # ¼ 114% 590 # 360 # g p" Equation ð29Þ: AGSB ¼ Di2 # D12 4 360 # 360 # 114 p" 2 ¼ 4459mm2 ¼ 597 # 5902 4 360 Equation ð27Þ: ASG ¼ AGTB þ AGSB ¼ 8692 þ 4459 2



¼ 13151 mm AGSB 4459 Equation ð25Þ: RM ¼ ¼ ¼ 0:339 ASG 13151 ASG 13151 ¼ ¼ 0:309 Equation ð26Þ: RL ¼ AE 42500 Equation ð24Þ: r ¼ ½#0:15ð1 þ RM Þ þ 0:8( ¼ ½#0:15 $ ð1 þ 0:339Þ þ 0:8( ¼ 0:599 & ' Equation ð23Þ: fL ¼ exp #1:33ð1 þ RM ÞRLr ¼ exp½#1:33 ' $ ð1 þ 0:339Þ $ 0:3090:599 ¼ 0:414



Calculation of bypass correction factor fB : There are no sealing strips. Thus nS ¼0 Equation ð36Þ: RS ¼ nMR Equation ð34Þ: b ¼ 3:7 since Re ) 100



Check: e ¼ 7 mm and Di # DB ¼ 597 # 560 ¼ 37 mm, i.e., e < ðDi # DB Þ; thus Eq. (37) should be used. Equation ð37Þ: AB ¼ SðDi # DB # e Þ



¼ 250 $ ð597 # 560 # 7Þ ¼ 7500 mm2 AB 7500 ¼ Equation ð35Þ: RB ¼ ¼ 0:176 AE 42500 & " #' ﬃﬃﬃﬃﬃﬃﬃ ﬃ p Equation ð31Þ: fB ¼ exp #bRB 1 # 3 2RS h pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!i ¼ exp #3:7 $ 0:176 $ 1 # 3 2 $ 0



1 ¼ 0:521 since RS ¼ 0 ði:e:; < Þ 2 Equation ð2Þ: DpQ ¼ DpQ;0 fL fB ¼ 387 $ 0:414 $ 0:521 ¼ 83:5 Pa Calculation of the pressure drop DpQE in an end cross flow section: # 250 S " Equation ð44Þ: ReE ¼ Re ¼ 2:06 $ 104 $ ¼ 1:63 $ 104 SE 315 Since SE 6¼ S, Re > 104 and ReE > 104 , Eq. (68) may be used with m ¼ 0:25 (staggered tube arrangement, see Eq. (71)). $ %$ %2#m nMRE S Equation ð68Þ: DpQE;0 ¼ DpQ;0 SE nMR $ % $ %2#0:25 15:5 250 $ ¼ 387 $ ¼ 363:9Pa 11 315



If Eq. (41) and Eq. (11) are used instead of Eq. (68) to calculate DpQE;0 , a value DpQE;0 ¼ 374:7 Pa will be obtained. Equation ð39Þ: DpQE ¼ DpQE;0 fB ¼ 363:9 $ 0:521 ¼ 189:6Pa Calculation of the pressure drop DpW in a window section: p g ! ðD1 # 2H ÞD1 g! Equation ð51Þ: AWT ¼ Di2 sin # 4 4 360 2 $ % $ % p 114 ð 590 # 2 $ 134:5 Þ $ 590 114 # sin ¼ $ 5972 $ 4 360 4 2 ¼ 48933mm2



$ % p nW ! p 82 ¼ 20126mm2 Equation ð52Þ: AT ¼ do2 ¼ $ 252 $ 2 4 4 2 Equation ð50Þ: AW ¼ AWT # AT ¼ 48933 # 20126 ¼ 28807 mm2 " 60 # V_ 3600 ¼ ¼ 0:579 ms#1 Equation ð55Þ: wp ¼ AW 28807 $ 10#6 " #1=2 Equation ð54Þ: wz ¼ we wp ¼ ð0:392 $ 0:579Þ1=2 ¼ 0:476 ms#1 0:8H 0:8 $ 134:5 Equation ð48Þ: nMRW ¼ ¼ ¼ 3:88 s2 27:7



The use of Eq. (48) is justified since ðnMRW ¼ 3:88Þ < ð2nRW ¼ 2 $ 4:5 ¼ 9Þ. Since Re ) 104 , Eq. (73) can be used ,qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ$ 2 %rwz fz;t fL Equation ð73Þ: DpW ¼ 4 þ ð0:6nMRW þ 2Þ2 2 ,qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ$ %983 $ 0:4762 ¼ 4 þ ð0:6 $ 3:88 þ 2Þ2 $ 1:02 $ 0:414 2 ¼ 224:2 Pa If Eq. (45) is used instead of Eq. (73) to calculate DpW , a value Dpw ¼ 225:1 Pa will be obtained. Calculation of the pressure drop DpN in inlet and outlet nozzles: " 60 # V_ Equation ð59Þ: wN ¼ p 2 ¼ "3600 #2 ¼ 0:481 ms#1 p 210 4 dN 4 1000



Equation ð61Þ:



AN ¼ AF



p 2 4 dN " # p 2 2 4 Di # nT do



¼p 4



2 p 4 ð210Þ ð5972 # 258 $



252 Þ



¼ 0:226 $ %1:14 $ %$ % AN dN DBE 2:4 Equationð60Þ: xN ¼ 5:79 ¼ 5:79 AF Di dN $ % $ %2:4 210 560 ¼ 3:93 $ ð0:226Þ1:14 $ $ 597 210 Equation (60) is used, since xN > 2; it is assumed that DBE ¼ DB . rwN2 983 $ 0:4812 ¼ 3:93 $ 2 2 ¼ 446:9 Pa



Equation ð58Þ: DpN ¼ xN



Calculation of the shell-side pressure drop Dp: Equation ð1Þ: Dp ¼ ðnB # 1ÞDpQ þ 2DpQE þ nB DpW þ DpN



¼ ð8 # 1Þ $ 83:5 þ 2 $ 189:6 þ 8 $ 224:2 þ 446:9 ¼ 3204:2 Pa ¼ 3204:2 $ 10#5 ¼ 0:032 bar
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Shell-and-Tube Heat Exchangers Without Baffles



AN ASG



Under otherwise identical operating conditions, the shell-side pressure drop in a shell-and-tube heat exchanger without baffles is much less than that in a baffled heat exchanger with a large number of baffles. For an approximate calculation of the total pressure drop Dp in a shell-and-tube heat exchangers without baffles, the concept of equivalent diameter may be used [6]: Dp ¼ Dpp þ DpN :



AT AW AWT



ð74Þ



The pressure drop Dpp in the shell for the flow parallel to the tubes is given by ! ! 2 rwpa L Dpp ¼ xp ; ð75Þ 2 de



a b c D1 DB



the mean velocity wpa in the shell is calculated from wpa ¼ p $



2 4 Di



V_ %; $ nT do2



ð76Þ



DBE



and the equivalent diameter de is given by de ¼



Di2 $ nT do2 : Di þ nT do



ð77Þ



The drag coefficient xp may be calculated from 64 for Rep < 2300; Rep



ð78Þ



dg



0:3164 for 3 % 103 & Rep & 105 : Re0:25 p



ð79Þ



dN do e



xp ¼ xp ¼



The Reynolds number is defined by Rep ¼



wpa de r



:



ð80Þ



In Eq. (75), L is the length of the tubes between the heat exchanger sheets. Other notations are identical with those for baffled shell-and-tube heat exchangers. The nozzle pressure drop DpN is given by Eq. (58). The use of Eq. (75) implies that the ratio ðL=Di Þ > 10 and that the tubes of the heat exchanger are uniformly distributed in the shell, such that no bypass currents exist in a part of the cross section where the fluid dynamic resistance to the flow is small in comparison with the rest of the free cross section.
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Di dB de



Symbols



Latin letters cross-sectional area responsible for bypass stream AB defined by Eqs. (37) and (38) (m2 (mm2)) flow area defined by Eq. (5) (m2 (mm2)) AE flow area defined by Eq. (43) (m2 (mm2)) AE;E free cross-sectional area of heat exchanger shell (see AF Eq. (61)) (m2 (mm2)) area of gap between the shell and a baffle (m2 (mm2)) AGSB area of all gaps between the tubes and the holes in a AGTB baffle (m2 (mm2))



e1



fa;l;f fa;l;v fa;t;f fa;t;v fB



fL



fz
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cross-sectional area of a nozzle (see Eq. (61)) (m2 (mm2)) sum of the areas of all gaps between the tubes and the holes in a baffle and between the shell and a baffle (m2 (mm2)) area of window tubes (see Eq. (52)) (m2 (mm2)) cross-sectional flow area in a window section (see Eq. (50)) (m2 (mm2)) cross-sectional area for a window section including the area of the window tubes (see Eq. (51)) (m2 (mm2)) transverse pitch ratio (1) longitudinal pitch ratio (1) diagonal pitch ratio (see Eq. (19)) (1) baffle diameter (m (mm)) diameter of a circle, which touches the outermost tubes in the space between the upper and lower edges of adjacent baffles (m (mm)) diameter of a circle, which touches the outermost tubes of all tubes in the shell of the heat exchanger (including the tubes in the window sections) (m (mm)) inside shell diameter (m (mm)) diameter of holes in baffles (m (mm)) equivalent diameter for an unbaffled shell-and-tube heat exchanger (see Eq. (77)) (m (mm)) equivalent diameter for a window section (see Eq. (49)) (m (mm)) nozzle diameter (m (mm)) outer diameter of tubes (m (mm)) shortest connection between adjacent tubes in the same tube row or in neighboring tube rows (see Fig. (4)) (m (mm)) shortest connection between the outermost tube in the bundle and the shell measured in the tube row on or near the diameter of the shell that is parallel to the edge of the baffles (see Fig. (4)) (m (mm)) factor for in-line tube arrangement in the laminar range (see Eq. (8)) (1) factor for staggered tube arrangement in the laminar range (see Eqs. (13) and (14)) (1) factor for in-line tube arrangement in the turbulent range (see Eq. (10)) (1) factor for staggered tube arrangement in the turbulent range (see Eq. (16)) (1) correction factor to take in consideration the influence of bypass currents through the gaps between the outermost tubes in the bundle and the inside surface of the heat exchanger shell (1) correction factor to take in consideration the influence of leakage streams through the gaps between the tubes and the holes in the baffles and through the gaps between the baffles and the heat exchanger shell (1) correction factor to take in consideration the change in physical properties with temperature in a window section (see Eq. (45)) (1)
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L1 fz;l



fz;t



H L LE m



nB nMR nMRE nMRW nR nRW nS nT nW pin pm pout Dp DpN Dpp



DpQ DpQE DpQ;0



DpQE;0



DpW DpW;lam DpW;turb RB



Pressure Drop in Single Phase Flow



correction factor to take in consideration the change in physical properties with temperature in the laminar rage (see Eq. (21)) (1) correction factor to take in consideration the change in physical properties with temperature in the turbulent rage (see Eq. (22)) (1) height of baffle cut (m (mm)) tube length in an unbaffled shell-and-tube heat exchanger (m (mm)) sum of shortest connections e and e1 (LE ¼ 2e1 þ Se, see Fig. (4)) (m (mm)) exponent in Eq. (68) corresponding with the exponent of the Reynolds number in Eqs. (7), (9), (12) and (15) (1) number of baffles (1) number of main resistances in the path of the main flow in a central cross flow section (1) number of main resistances in the path of the main flow in an end cross flow section (1) number of the effective main resistances in a window section (see Eq. (48)) (1) number of the tube rows in a central section (1) number of tube rows in a window section (1) number of pairs of sealing strips (1) total number of tubes in heat exchanger including blind and support tubes (1) number of tubes in both upper and lower windows (baffle cuts) (1) inlet pressure (Pa) mean pressure (Pa) outlet pressure (Pa) shell-side pressure drop including nozzle pressure drop (Pa (bar)) pressure drop in both inlet and outlet nozzles (Pa) shell-side pressure drop without nozzle pressure drop in an unbaffled shell-and-tube heat exchanger (see Eq. (75)) (Pa) pressure drop in a central cross flow section between two adjacent baffles (Pa) pressure drop in an end cross flow section (between a heat exchanger sheet and the adjacent baffle (Pa) pressure drop in a tube bundle with cross flow under real operating conditions in absence of leakage and bypass streams (corresponding to flow conditions in a central cross flow section) (Pa) pressure drop in a tube bundle with cross flow under real operating conditions in absence of leakage and bypass streams (corresponding to flow conditions in an end cross flow section) (Pa) pressure drop in a window section (Pa) pressure drop in a window section with laminar flow (see Eq. (46)) (Pa) pressure drop in a window section with turbulent flow (see Eq. (47)) (Pa) ratio AB =AE (see Eq. (35)) (1)



ratio ASG =AE (see Eq. (26)) (1) ratio AGSB =ASG (see Eq. (25)) (1) ratio nS =nMR (see Eq. (36)) (1) exponent in Eq. (23) given by Eq. (24) (1) Reynolds number in a central cross flow section (see Eq. (20)) (1) Reynolds number in an end cross flow section ReE (see Eq. (44)) (1) Reynolds number for an unbaffled shell-and-tube Rep heat exchanger (see Eq. (80)) (1) S baffle spacing between adjacent baffles (m (mm)) bypass stream SB baffle spacing between a heat exchanger sheet and the SE adjacent baffle (m (mm)) leakage stream SL main stream SM transverse pitch (m (mm)) s1 longitudinal pitch (m (mm)) s2 t pitch for an equilateral triangular or a staggered square tube arrangement (m (mm)) wetted perimeter in a window section (see Eq. (53)) UW (m (mm)) V_ fluid volumetric flow rate through the heat exchanger shell (m3 s"1 (m3 h"1)) velocity defined by Eq. (4) (m s"1) we velocity defined by Eq. (42) (m s"1) w e;E nozzle velocity (see Eq. (59)) (m s"1) wN velocity in a window section defined by Eq. (55) (m s"1) wp velocity in the shell of an unbaffled shell-and-tube wpa heat exchanger (see Eq. (76)) (m s"1) velocity in a window section defined by Eq. (54) wz (m s"1) Greek Letters b constant in Eq. (31) given by Eqs. (33) and (34) (1) g central angle of a baffle cut ( # ) dynamic viscosity at mean fluid temperature (Pa s) dynamic viscosity at mean wall temperature (Pa s) w inlet fluid temperature (oC) #in mean fluid temperature (oC) #m outlet fluid temperature (oC) #out mean wall temperature (oC) #w x drag coefficient for the tube bundle (1) drag coefficient for laminar flow (see Eq. (7)) (1) xlam drag coefficient for turbulent flow (see Eq. (9)) (1) xturb nozzle drag coefficient for both inlet and outlet nozxN zles (see Eq. (60)) (1) drag coefficient for inlet nozzle (see Eq. (62)) (1) xN;in drag coefficient for outlet nozzle (see Eq. (63)) (1) xN;out drag coefficient for an unbaffled shell-and-tube heat xp exchanger (see Eq. (75)) (1) r fluid density (kg m"3) RL RM RS r Re



The units between brackets (mm, bar and m3 h"1) are not consistent with the M.K.S. units system; they are used in some places in the text and in the example for convenience.
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