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Abstract-Thermal performance in shell-and-tube heat exchangers with segmental baffles has been exper- 
imentally investigated concerning five variables : stream flow direction, shell-side flow rate, tube-side How 
rate, clearance between baffles and shell, and distance between baffles. The axial dispersion model has been 
applied to predict properly the actual thermal performance in the shell-and-tube heat exchanger. The shell- 
side dispersive P&let number Pe depends only on the clearance between baffles and shell and on the 

distance between baffles, while the same heat transfer correlations can be used in all cases. 

INTRODUCTION 

THE CONVENTIONAL calculation of thermal perfor- 
mance in shell-and-tube heat exchangers with seg- 
mental baffles is usually based on the ideal simplifying 
assumptions that the shell-side flow in any cross- 
section of its flow path is completely transversely 

mixed (plug flow) and the temperature depends only 
on the axial coordinate. The real flow pattern on the 
shell side is very complex. There exist different flow 
paths and regions of stagnation. The velocity of the 
main stream across the tube banks is nonuniform and 

deviates from the ideal model [ 11. 
Tinker analyzed the different flow paths, which con- 

sist of one main cross-flow stream and several bypass 
streams with different thermal performances on the 
shell-side of baffled heat exchangers, and he developed 
a complicated model with a simplified rating system 
to predict the shell-side performance in the heat 
exchanger [2,3]. This model was later improved by 
Palen and Taborek [4] who introduced a correction 
factor for the effective mean temperature difference, 
and concluded that the shell-baffle leakage flow 
stream (Tinker’s stream E [2]) has the most important 
effect on this correction factor. For a single-pass 
exchanger, Mueller [S] proposed the bypass model, 
which considers the influence of bypassing or leakage 
on the average effective mean temperature difference. 
The cell method developed by Gaddis and Schliinder 
[6] divides the shell-side flow into main stream and 
leakage stream, which affect the heat transfer 
coefficient through their portion. Diaz and Aguayo 
[7] were the first who introduced axial dispersion 
effects and suggested a dispersion model between per- 
fect mixing and plug flow. However, no information 
is available on how the dispersion coefficient depends 
on the flow distribution. 

The analytical thermal rating method for shell-and- 

tube heat exchangers with one shell-side pass and 
arbitrary number and size of tube passes was 
developed by Roetzel and Spang for the plug flow 
model [8]. With the concept of axial dispersion, 
they have investigated the thermal performance 
of segmentally baffled shell-and-tube heat exchangers 

(TEMA E-type) under different boundary conditions 
[9]. Later, the dispersion model was further developed 
and applied to split-flow (G-type) [lo, 1 l] and divided- 
flow (J-type) [lo, 121 as well as to transient processes 
in E-type shell-and-tube heat exchangers [ 131. 

The purpose of this work is to investigate exper- 
imentally the influence of leakage flow between baffles 
and shell, the effect of the actual flow pattern and 
of different distances between baffles on the thermal 
performance in shell-and-tube heat exchangers with 
segmental baffles. Furthermore, the empirical heat 
transfer correlations are developed which can be used 
together with the dispersion model to predict thermal 
performance of shell-and-tube heat exchangers. 

EXPERIMENTS 

Apparatus and instrumentation 

The overall experimental assembly, which consists 
of two closed operation cycles with distilled water, is 
shown in Fig. 1. The two operation cycles, the cold 
medium cycle with dashed lines and the hot medium 
cycle with solid lines, will transfer heat in the test heat 
exchanger denoted as Wl in Fig. 1. The hot medium 
flows through the tubes of the test heat exchanger and 
is transported by centrifugal pump (P2) with digital 
speed controlling regulator. The distilled water is 
first heated by four 22.5 kW electrical heaters with 
adjustable heating power in stages. The last heater is 
connected to a temperature controller, with which 
the inlet temperature of tube-side water is regulated 
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NOMENCLATURE 

A heat transfer surface area [m’] rJ’ * apparent overall heat transfer coefficient 
A* flow cross-sectional area [m’] [W me2 K- ‘1 
C,, C> constants V volumetric flow rate [m’ s-- ‘1 

Q inside shell diameter [m] l& thermal flow rate [W K- ‘1 

4 outside tube diameter [m] X axial coordinate [m] 

d, inside tube diameter [m] s dimensionless axial coordinate, X/L 
E dispersive thermal conductivity J dummy variable 

[W m-’ K--‘I Z pitch ratio. 
h heat transfer coefficient [W m 2 K- ‘1 
k conductivity [W mm ’ K- ‘1 Greek symbols 
L length of tubes (heat transfer surface) [m] 6 clearance between baffles and shell [m] 
M number of experimental points 8, ratio of ~~TU*~j in tube pass J’ to the 
m 2 constant total NTU, of the exchanger 
N number of tube-side passes p fluid viscosity [kg mm ’ s- ‘1 
NTU number of transfer units, U A/w 11 fluid kinematic viscosity [m” s- ‘1 
tz number of tubes P fluid density [kg rn-- ‘1 
P dimensionless temperature change 9 fluid temperature [K] 
Pt- P&let number A%., fluid temperature difference at the ends 

R, ratio of thermal flow rate, ci’,/ l&? of the exchanger [K] 
Re, shell-side Reynolds number, based on A&l+ log-mean temperature difference 

ref. [14] (LMTD) [K]. 
RC: shell-side Reynolds number, based on da 

and maximum fluid velocity Subscripts 
s distance between baffles [m] m mean value 
s tube wall thickness ]m] w wall 
T dimensionless shell-side fluid 1 shell-side 

temperature, (9, -S;)/(S;--$1) 2 tube-side. 

t, dimensionless tube-side fluid 
temperature, (Sz,;--9;)/(9; -Q;) Superscripts 

u overall heat transfer coefficient inlet 

[Wm “K ‘1 ,I outlet. 

according to need. In front of the test heat exchanger, 
the water is completely mixed in a buffer reservoir 
(B2). The water in the cold cycle is transported by the 
greater centrifugal pump (Pl). The heated water from 
the test heat exchanger is cooled down by the plate 
heat exchanger (W2), which receives the low tem- 
perature cooling water from the ground with an 
adjustable valve. The cooled water is completely 
mixed in another buffer reservoir (Bl) before entering 
the test heat exchanger. To avoid overpressure in both 
cycles, each cycle is connected independently to its 
own overhead reservoir (B), which is open to the 
atmosphere. 

Test hear exchanger 

For the variation of distance between baffles and 
clearance between baffles and shell, a test shell-and- 
tube heat exchanger with exchangeable baffles is 
designed and constructed. The inside shell diameter is 
2 10 mm with an effective heat exchange length of 1650 
mm. The tubes and the shell are made of stainless 
material. The tubes have an inside diameter of 10 mm 
and outside diameter of 12 mm. Figure 2 shows the 

schematic of the tube bundle containing 92 tubes with 
pitch ratio of 1.5. Bafffes with various diameters but 
with a constant thickness of 2 mm and cutoff of 50 
mm were constructed to adjust the clearance between 
baffles and shell. The distance between baffles is varied 
through different length screws fixed between baffles. 

Data acquisition and control 

The inlet temperatures of the test heat exchanger, 
as well as the temperature changes between inlets and 
outlets are measured with NiCr-Ni thermocouples. 
The pressure drop and volumetric flow rate on 
both shell and tube sides are measured with pressure 
difference transformers and turbine flow meters, 
respectively. All the m~dsurements are controlled and 
acquired with a data a~uisition~control unit (HP 
3852A) and a universal counter (HP 5334A) inter- 
faced via IEC-bus to a persona1 computer (Compaq). 
Thermal performance with four different clearances 
between shell and baffles, i.e. 0.2, 1.0,2.0 and 3.0 mm, 
and two different distances between baffles, i.e. 8 1 and 
219 mm, were investigated. Under each clearance and 
distance, experiments with cocurrent flow as well as 
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--- Shell side 
-Tube side 
A Filter 
B Overhead reservoir 
81 Buffer reservoir 
82 Buffer reservoir 
Fl Turbine flow meter 
FL? Turbine flow meter 
PI Centrifugal pump 
P2 Centrifugal pump 
Wl Test heat exchanger 
W2 Plate heat exchanger 
W3 Electrical heater 

countercurrent flow at 28 different operating points, of 1 .O mm and a distance between baffles of 2 19 mm 
with the volumetric flow rate on the shell-side from were skipped. 
0.5 to 2.0 I s- ‘, and tube side from 2.0 to 3.5 1 s- ’ 
were measured. The arithmetic mean temperature on 
the shell-side was adjusted at 30°C and on the tube- Data reduction 
side at 40°C for all experiments. Because of shortage From the measured data, the dimensionless tem- 
of time, the experiments with a shell-baffle clearance perature change on the shell-side (P,) and the appar- 

tpDi= 210-l 

-- Kiiitfi -- 0 -- 

-d,= 12 

Unit: mm 
FIG. 2. Schematic of tube bundle arrangement. 
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cnt overall heat transfer coefficient (u*) arc cdku- 

lated. which are defined as follows : 

(2) 

with the log-mean temperature difference (LMTD) 

where 119, and A&, are the fluid temperature differ- 
ences at the ends of the exchanger. The Reynolds 
number on the shell side is calculated according to the 
definition from VDI-Warmeatlas [14] 

Re, = ndap,mV, 
2(1-7r/4Z)D&,, 

(4) 

Two different arrangements are possible in the multi- 
pass shell-and-tube heat exchanger. The arrange- 
ment I has the first tube-side pass in ~ountcr~urrent 
llow to the shell-side stream and the arrangement II 
has conversely the first tube-side pass in cocurrcnt 
flow. Under the assumptions of uniform overall heat 
transfer coefficients within each tube pass, the NTU 

ratio c,, which is defined as the ratio of the number ot 
transfer units from pass j to that of the whole 
exchanger, is introduced in the energy balance differ- 
ential equations [ 191. 

Introducing the axial dispersion on the shell-side 
and with the assumptions of constant fluid properties, 
steady state condition and neglecting heat losses to 
the surroundings, the di~erential energy balance equa- 
tions can be expressed as 

1 d2T dT 

with the properties pirn and plrn at the arithmetic and 

mean temperature 9,, = (9 ; + 9 ;1/2. The tube-side 
Reynolds number is calculated as usual EjNTU~(T--tj)r= i-(-I)‘-&$ j= l,...,N (8 

Rez = 
vj?d, 

rn@J2) ‘rzm 
(5) where the positive sign( +) of sign ( _t ) is for arrange- 

ment I and the negative (-) for arrangement II. The 

with the volumetric flow rate and the kinematic corresponding boundary conditions are 
. . 

vtscosity v*,,, at the arithmetic mean temperature 
QZm = (9;+93/2. 

Uncertainty analysis 

In each experimental point, the uncertainty was 
calculated and analyzed extensively with square 
forward-difference method, recommended by Profos 
[ 1.51. The maximum uncertainty of the apparent over- 
all heat transfer coefficient U*, which appears when 
the shell-side flow rate is small (i.e. the log-mean 
temperature is small), is +4% with countercurrent 
Aow and +6% with cocurrent flow. The Reynolds 
numbers were determined with maximum uncer- 
tainties of i2.0 and +0X% on the shell-side and 
tube-side, respectively. 

AXIAL DISPERSION MODEL 

To consider the deviation from the ideal axial plug 
flow on the shell-side with completely transversely 
mixing in any cross-section, a model with axial dis- 
persion is used. Numerous investigations about this 
model have been carried out for modeling chemical 
reactors [16], porous media [ 171. packed beds [18] 
and shell-and-tube heat exchangers 19-131. One extra 
parameter, the P&let number Pe, is introduced in the 
dimensionless energy balance of the shell-side stream 
as an empirical parameter 

FP, L 
Pe = EA” 

where E is the dispersive axial thermal conductivity. 

Arrangement I : 

x= 1, t, =o (9) 

.Y = 0, t, = t,- , (10) 

x= 1, t,+, =t, (11) 

,j = 2,4, 6, . . 

Arrangement II : 

x = 0, t, =o (l-9 

x = 0 I t,+,=t, (13) 

x= 1, t, = t,_ , (14) 

,j = 2, 4, 6. . . 

For both arrangements, the boundary conditions of 
Danckwerts [20} fulfil the overall energy balance 

1 dT 

Pe dx .X=O+ 
= z-/X,o+ - 1 (15) 

I dT 

Pe dx _=, = 
0. (16) 

The general solutions of this system are shown in 
ref. [21]. In this paper, the experimental investigation 
will concentrate on single-pass cocurrent and coun- 
tercurrent flow with different clearances between 
baffles and shell, as well as with different distances 
between battles. For cocurrent flow (N = I, arrange- 
ment II), the shell-side dimensionless temperature 
change P, is 1211 
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p 
I 

= NTU,[Peyz(l-eyl)--y,y,-y,(Pe(l-eY2)-yz)e(YI-Y~)] 

y,y,[(y, -NTU, -Pe)-(y2-NTU, -Pe) e(yl-y2)] (17) 

with Using experimental data in an objective function, 

y,,, = O.S(Pe+R,NTU, 
defined as follows, the constants C,, CZ and m2 can be 
determined together with the unknown dimensionless 

+J[(Pe-R,NTU,)*+4PeNTU,(l+R,)]) dispersion coefficient, the P&let number Pe, through 

where the positive sign (+) of sign (+) refers to y, 
a minimization process from Gill et al. [23]. 

and the negative one toy,. 
For countercurrent flow (N = 1, arrangement I) if, (PL,calc -Pl,exp)Z -+ min 

ForR,#l where the P, ,ca,c is calculated from equations (17)-( 19) 

1 
-=I+ Y,Y&~ -YZ) eY1 

PI NTU,[y,Pe-y,y,+Pe(y,-y,)eYI+y,(y,-Pe)e’~l-y~’] 
(18) 

with 

y,,, = OS(Pe+ R, NTU, 

+,/[(Pe+R,NTU,)2-4PeNTU,(R,-1)]) 

and sign (&) as defined above. 

For R, = 1 

1 
-=1+ 

(Pe+ NTU,)’ 

PI NTUl[Pe2+NTU,(l+Pe-ee-(P’+NTu~))]’ 

(19) 

Based on the heat transfer surface area A ,, the 
overall heat transfer coefficient in the shell-and-tube 
heat exchanger 

1 

‘= (llh,)+(slk,)(A,lA,)+(lIh,)(A,IA,) 
(20) 

where A, = rind,,, A2 = rind, and A, = (A,-A,)/ 

In (A,/A,). The heat transfer coefficient on the shell- 
and tube-sides are calculated using the following 
formulas [22, lo] : 

h, = C Re06pr0.36 k, 
I I ’ (h/2) 

(21) 

h, = C2 Re;12 Prij3 2. (22) 

Table 1. Result of minimization 

Distance between baffles 81 mm 219 mm 

c-1 0.556516 
C* 0.021962 
m2 0.796283 

Pe for 6 = 0.2 (mm) 30.58 
s = 1.0 25.34 
6 = 2.0 21.35 
6 = 3.0 10.94 

0.562061 
0.022165 
0.801559 

38.00 

35.81 
11.27 

with the boundary conditions from ref. [20]. For each 
minimization, all the experimental data with same 
distance between baffles, with different clearances 
between baffles and shell, and with different stream 
flow directions have been taken into consideration. 
Through minimization, the unknown constants C,, 
C2, m2 and corresponding P&Aet numbers can be 
determined. The results are shown in Table 1. 

RESULTS AND DISCUSSION 

Figures 3 and 4 show the experimental values of 
U* for countercurrent flow under different distances 
between baffles and different tube-side Reynolds num- 
bers. For different distances, the U* curves connect 
smoothly when the clearance between baffles and shell 
is small (6 = 0.2 mm). However, when the clearance 
increases, the U* curves do not connect smoothly for 
different distances, as shown in Fig. 4 (6 = 3.0 mm). 
This shows that the apparent overall heat transfer 
coefficient is strongly influenced by the leakage 
between baffles and shell. 

FIG. 3. U* for different distances between baffles, with 
6 = 0.2 mm, countercurrent flow. 
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FIG. 7. Comparison of calculation of Nu from dispersion 
model and refs. [24-261. 

coefficients. Figures 5 and 6 show that the dispersion 
model can very accurately predict the experimental 
data with the unique set of heat transfer correlations. 
Also the method of the VDI-Warmeatlas yields good 
results. 

The constant C,, which depends on the tube bundle 

geometry, assumes a value of 0.56. This value is valid 
for different shell-baffle clearances and different dis- 
tances between baffles. The divergent thermal per- 

formance caused by leakage or bypass effects is taken 
into account by the P&let number. The common con- 
stant C, obtained from the minimization process 
clearly indicates that the distance between baffles has 
no influence on C,. Compared to other results [24 
261, the calculated shell-side mean Nusselt numbers, 
shown in Fig. 7, compare well with other equations 
within a range of f 5-7%. 

In the range of experimental tube-side Reynolds 

numbers from 4200 to 7400, the constants in the heat 

transfer equation (equation (22)), C2 and m, have a 
value of 0.022 and 0.80, respectively, which are similar 

to numerous investigations [27-291. 
The P&let number Pe, which contains an apparent 

dispersive thermal conductivity E in axial flow direc- 
tion, is a function only of distance between baffles and 
of the clearance between baffles and shell. It does 
not depend on the Reynolds number, as also can be 
concluded from the results of Xuan and Roetzel [ l& 
121. The calculated P&let numbers from Table 1 

400 , 
500 000 

FIG. 4. U* for different distances between baffles, with 
6 = 3.0 mm. countercurrent flow. 

1.1 1000 2dOO 3doo ‘do0 5&o 6000 

Re. 

FIG. 5. Comparison of dimensionless temperature change P, 
for S = 81 mm, 6 = 3.0 mm, countercurrent flow. 

In Figs. 5 and 6, the calculated and measured 
dimensionless temperature changes P, are presented 

as a function of both Reynolds numbers. The solid 
lines are calculated according to the dispersion model 
using equations (17)-(22) together with the data of 
Table 1. Nearly the same curves are obtained if the 
mean values C, = 0.56, C, = 0.022 and m2 = 0.8 are 
used for both distances between baffles. The dashed 
lines are calculated with the method recommended in 
the VDI-Warmeatlas [14]. The symbols represent the 
experimental values of P, for the four different tube- 
side Reynolds numbers. The wall viscosity correction 
was included in the calculation of the heat transfer 

oO.1.,-i--G-= 35 

Shellpbaffle clearonce 6 (mm) 

FIG. 8. Calculated P&let number Pe from Table I. 

Re, 

FIG. 6. Comparison of dimensionless temperature change 
P,, for S = 219 mm, 6 = 3.0 mm, countercurrent flow. 
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are displayed as symbols in Fig. 8, while the solid 

lines represent possible functions between P&let 

number and shell-baffle clearance. When the clearance 
between baffles and shell increases, which indicates 
the increase of the axial dispersion effect caused by 
leakage and bypassing, the P&let number Pe 

decreases. High values Pe > 40 have nearly the same 

effect as an infinite value Pe = co and the ideal plug 
flow model applies. Thus, experimentally determined 
high P&let numbers are inaccurate in the region 
Pe > 40. Further experiments will be needed to deter- 

mine exactly the dependence of P&let number on 
geometry. 

CONCLUSIONS 

(1) The shell-baffle leakage, i.e. flow through 
the clearance between shell and baffles has great in- 
fluence on the apparent overall heat transfer co- 
efficient U*, which is based on the ideal plug flow 
model. The coefficient shows a reduction up to 7% at 

Re, = 5800 and 16% at Re, = 1450 between clear- 

ance 0.2 mm (S/O, = 0.000952) and clearance 3.0 mm 
(S/Q = 0.0143). This reduction will be even greater 
when the tube-side Reynolds number Re, increases. 

(2) With the axial dispersion model, the dimen- 
sionless temperature change P, can be predicted in a 
simpler way than with other methods. For different 
clearances between baffles and shell as well as different 
distances between baffles, one unique set of heat trans- 
fer correlations can describe all experimental results, 
when the P&let number is introduced to account for 
the effect of shell-side maldistribution. The P&let 
number depends only on the geometry and not on the 
Reynolds number. However, this must be verified by 
further experiments. 
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