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A~~aet-Ex~riments have been performed to determine the response of the heat (mass) transfer and 
pressure drop on the shell side of a shell-and-Tut heat exchanger to changes in the interbtie spacing. 
Per-tube, per-row and per-compartment heat (mass) transfer coefficients were obtained by means of the 
naphthalene sublimation technique, all for the fully developed regime. Pressure distribution measurements 
were made throughout the heat exchanger, and the pattern of Ruid flow was visualized with the aid of the 
oil-lampblack technique. The greatest sensitivity of the per-tube heat transfer coefficient to the interbaBe 
spacing occurred at the tubes situated in the inflow window of a compartment, where higher coefficients 
(by about 15%) were encountered for larger interbaffle spacings. In the crossflow zone, the per-tube transfer 
coefficients corresponding to the smaller interbaffle spacing exceeded those for the larger interbaffle spacing 
by about 5%, and similarly in the baffle-adjacent row in the outflow window of the compartment. The 
other rows in the outflow window were ambivalent about the effects of interbaffle spacing. Owing to 
cancellations among the aforementioned per-tube responses, the compartment-average transfer coefficients 
were virtually unaffected by the spacing. The per-compartment pressure drop decreased as the interbaffle 
spacing decreased, but for a fixed streamwise length, the pressure drop was slightly larger for smaller 
spacings. The experimental results were compared with the predictions of the Tinker and Delaware Project 

design methods. 

INTRODUCTION 

THIS paper describes the concluding phase of a two- 
part, fundamental-level investigation of shell side heat 
transfer and pressure drop in a shell-and-tube heat 
exchanger. In the first part [I], primary attention was 
focused on the response of the heat transfer and press- 
ure drop to the size of the windows in the segmental 
baffles of the heat exchanger. Here, the effect of the 
spacing between successive baffles is investigated. In 
both parts of the work, the Reynolds number was 
varied parametri~alIy. 

The research to be described here may be elaborated 
by reference to Fig. 1. Part (a) of the figure shows a 

longitudinal cross section of the heat exchanger used 
in the present experiments, while part (b) is a similar 
view of the heat exchanger of [ 1 ‘J. The tubes have been 
omitted to preserve clarity. As seen from the figure, 
the interbaffle spacing used here is about 2/3 of that 
of ref. [I]. It can be conjectured that a change in the 
interbaffle spacing will affect both the way in which 
the flow executes the 180” turns and the extent to 
which true crossflow is achieved relative to the tubes 
in any compartment. It would be expected that such 
spacing-related alterations of the fluid flow would 
affect both the heat transfer and pressure drop charac- 
teristics. 

The experiments were performed by employing 
naphthalene sublimation, a mass transfer technique, 
with the tubes of the heat exchanger being modeled 
by naphthalene-coated rods and with air as the shell 
side fluid. The use of the naphthalene technique obvi- 
ated the need for a tubeside fluid. Conversion of the 
mass transfer results to heat transfer results was 

(a) (b) 
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FIG. 1. Longitudinal cross sections illustrating the inves- 
tigated interbaffle spacings (the tubes have been omitted to 

preserve clarity). 

accomplished by employing the analogy between the 
two transport processes. 

Mass transfer coefficients were determined at each 
tube in a typical compartment of the heat exchanger 
[illustrated in Fig. l(a)] situated in the hydro- 
dynamically developed regime. The per-tube values 
were used to obtain both row-average and com- 
partment-average results. Averages were also taken 
over two consecutive compartments to obtain per- 
tube results which are truly representative of the fully 
developed regime. 

Per-compartment pressure drops as well as the 
pressure drops within a compartment were measured 
by means of an array of pressure taps situated internal 



N~~EN~~TU~~ 
ninimum free-Row area, equation (7) f%fmp ~m~a~trne~t-avera~ Sherwood 
inside diameter of shell number 
tube diameter S&i& average Sherwood number for two- 
mass difhrsion coefficient ~ornp~~ment moduIe 
baffle window opening Sh,, row-average Sherwood number in a 
row number compartment 
transverse position of tube ~~~“~~~,* per-tube Sherwood number in a 
per-tube mass transfer c&Went tw~c~mpar~ent module 
or-compartment pressure loss S, lon~t~dina~ pitch 
GoeSlicient S, transverse pitch 
interbaffle spacing t baffle thickness 
local pressure in heat exchanger v* mean Qeh~&y in ~~rn~rn fr~~ow area 
ambient pressure G mass Sow rate. 
p~~-~~rn~~~~rnen~ pressure drop 
ReynoIds number, p ~~~~~i Creek symbols 
Schmidt number ft viscosity 
per-tube Sherwood number in a t: kinematic viscrrsity 
~ol~par~e~t P density. 

to the heat exchanger. Flow Q~sua~~2atio~ was per- 
formed via the oii-iampb~a~k technique, and a rep- 
resentati.ive ~~sua~izatio~ pattern will be presented. 

The et%ct of ~nterb~~e spacing wili be established 
by ci~mp~rjsons of the present heat/mass transfer and 
pressure drop results with those ofref. [I]. In additions 
the design methods of Tinker [& 31 and of the Deft- 
ware Project [4,5] will be evaluated with regard to the 
et&t of ~nterba~e spacing on the heat/mass transfer 
and pressnre drop. 

EXPERIMENTS 

The heat exchanger used here is 8 ~ornp~et~~y rebuilt 

Qersion of that of ref. [I]* In the ~bu~~din~ process, 
ali dimensions were strictly preserved aside from the 
interb~e spacing. Therefore, the detailed desc~ptio~ 
of the apparatus set forth in ref. f 1 f continues to appfq; 
so that only a broad overview need be given here, 
The heat exchanger was designed and built to be 
totally Free of leakage paths an& to have negl~~b~~ 
bypass effects according to the criteriort of ref. 141. 

Fignre 2 is a cross-sectional view of the heat ex- 

changer. The cross section may be oriented with 
respect. to the ~~~~~tnd~na~ section by matching the 
letters B and B’ in Figs. 2 and I(a), All told, there are 
92 tubes in the cross section deptoyed in an equilateral 
tr~a~~lar pattern with a tr~nsv~~e pitch S, and B 
~on~tud~nai pitch S,. Only 49 tube positions are 
unique--those shown in Fig. 2. The spaoe below the 
s~rnet~ hne BB’ is tWd with tubes positioned at 
mirror-image tocations with respect to those shown. 

There are f 1 rows of tubes in each cross sectiort. 
The individual tubes are identified by a two-address 
system, as illustrated in Fig. 2. The first number in the 
address designates the row ~in~r~asing row numbers 
in the Bow direction), while the second number indi- 
cates the transverse position of the tube in the TOW, 

with the numeric one being assigned to the tube near- 

-D- 

est the symmetry line B8’. For the selected b&e 
window opening, rows 1-3 sre situated in the in&~ 
window of the compartment, and rows 9-11 are in 
the outflow window. The ~nte~ed~ate rows, kg, are 
situated in the so-&led crossflow zone, which is the 
portion of the col~p~tment between the intlow and 
outflow windows. 

Tile dnnensians ~e~n~~g the beat exchanger inch& 
the tube diameter d, the transverse and longitudj~ai 
pitches S, and S,, the interb~~e spacing L, the inside 
diameter D of the s&e& the baffle ~i~d~~ o~~~~~ 8& 
and the baffle thickness f. With respect to the nbjec- 
tives of the reseamh reported here, all Dimensions 
aside from L may be regarded as constant with 
respective ~~~~d~rnensjo~al~~d~ Q&es 

The ~nterba~~ spacing L is measured between the 
facing s&aces of consecutive baffles. The L/D value 
for the heat exchanger used in the present expe~me~ts 
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was 0.385, while that of ref. (t] was 0.585. In terms 
of actual dimensions, it is sufficient to note that 
D = 10.41 cm (4.10 in.) and to compute the other 
quantities from the aforementioned ratios. 

oratory, and its compression-heated, naphthalene- 
enriched discharge was vented outside the building. 

The heat exchanger was synthesized from a stack 
of seven compartments, with the mass transfer test 
section situated in the fourth and fifth compartments. 
The mass transfer coefficients were determined from 
the change of mass of naphthalene-coated tubes dur- 
ing the course of a data run. To facilitate the removal 
of the coated tubes for weighing both before and after 
the data run, the test section was designed so that 
access to its interior could be gained within seconds. 
This was accomplished by lifting the upper portion of 
the heat exchanger away from the lower portion. The 
weighing of the naphthalene-coated tubes was per- 
formed with an electronic analytical balance having a 
resolution of lo- 5 g. 

The oil-lampblack technique [6] was used for the 
flow visualization. This technique provides an indi- 
cation of the flow pattern adjacent to a surface in 
terms of the response of an oil-lampblack mixture, 
previously applied to the surface, to the forces exerted 
by the flowing fluid. In regions of high and inter- 
mediate velocity, the mixture moves over the surface 
under the action of the shear forces, leaving an array 
of streaks which indicate the direction of the fluid 
flow. In regions of low velocity, the shear stresses are 
small and the fluid remains stationary. 

All of the tubes in the mass transfer test section 
were made removable. During any given data run, 
only one naphthalene-coated tube was utilized, while 
the other tubes were metallic. In a sequence of runs, 
the location of the naphthalene-coated tube was 
varied systematically in order to obtain data at all 49 
unique tube positions in the cross section, 

To obtain a definitive visualization pattern, the flu- 
idity of the oil-lampblack mixture had to be tailored 
both to accommodate the magnitude of the shear 
stresses exerted by the flowing fluid and the possibility 
of sag due to gravity. In order to have a permanent 
record of the visualization pattern, the surfaces of the 
heat exchanger were covered with white, plasticized, 
self-adhering contact paper before application of the 
mixture. The contact paper was removed from the 
surfaces at the end of each visualization run and 
photographed. 

The diameters of all the tubes, naphthalene-moated 
and metallic, were identical. The naphthalene coating 
was applied by dipping a cylindrical metallic substrate 
into a bath of molten naphthalene, followed by ma- 
chining on a lathe to achieve the desired diameter. 

DATA REDUCTION 

Thermocouples were installed to measure the tem- 
perature in the test section and to verify its constancy 
during the course of a data run. Since the vapor press- 
ure of naphthalene is a strong function of tempera- 
ture, the constancy of the temperature is a prerequisite 
for the attainment of a timewise constant rate of sub- 
limation from a naphthalene-coated tube to the air 
stream. Tem~ratu~ constancy was achieved by 
allowing an equilibration period prior to the initiation 
of each data run. 

The first quantity to be evaluated is the mass trans- 
fer coefficient K,,, at each tube in the cross section. If 
AM is the sublimation-related change of mass at a 
tube during the duration z of a data run, and A is the 
transfer surface area of the tube, then 

K, = Wf/r)IA@,, - P~LJ (2) 

For the pressure drop measurements, a total of 17 
taps were installed in the heat exchanger. Three taps 
were installed in the shell wall in each compartment. 
One of the three taps was at the inflow end of the 
compartment, the second was at the middle of the 
crossflow zone, and the third was at the outflow end 
(an inflow-end tap could not be provided in the first 
compartment, and the last compartment was unin- 
strumented). The pressure measurements were made 
in a series of runs separate from the mass transfer 
runs. The pressure signals were detected by a solid- 
state pressure meter having a resolution of lo- 3 Torr. 

where pnw and pnb are, respectively, the densities of 
naphthalene vapor at the subliming surface and in 
the bulk flow. The former was evaluated from the 
vapor pressure-tem~rature relation corresponding 
to solid-vapor equilib~um 171 in conjunction with 
the perfect gas law, using the measured test section 
temperature as input. For the present experiments, 

Pna = 0. 
In dimensionless form, the per-tube mass transfer 

coefficients will be reported in terms of the Sherwood 
number 

Sh = K,d/9. (3) 

The naphthalene-air diffusion coefficient 9 which 
appears in equation (3) can be eliminated by employ- 
ing the definition of the Schmidt number (SC = u/g), 
so that Sh = (~~d/v)Sc, and v is the kinematic 
viscosity of air. For naphthalene diffusion in air, 
SC = 2.5 171. 

The apparatus was operated in the open-circuit It was pointed out in ref. [l] that a given tube does 
mode and in suction, with air from the naphthalene- not have the same value of the heat (or mass) transfer 
free, temperature-controlled laboratory drawn into an coefficient in consecutive compartments, even in the 
opening in the shell wall of the first compartment. fully developed regime. This is because the pattern of 
After traversing the heat exchanger, the air passed fluid flow reverses from compartment to compart- 
through a flow meter (a calibrated orifice) and a control ment. As a consequence of these reversals, an identical 
valve, and then was ducted to a blower. The blower fluid Ilow field recurs in every other compartment and, 
was situated in a service corridor adjacent to the lab- correspondingly, the per-tube mass transfer coeficient 
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for a given tube takes on the same value in every other 
compartment. In fact, there are two such recurring 
values for each tube, one for each of the consecutive 
compartments. 

Amin = (D- 1Od)L (7) 

and 

Rather than having to specify the two recurring 
values for each tube, it is more appropriate to specify 
a single value which would serve as the fully developed 
per-tube transfer coefIicient. To this end, a module 
consisting of two consecutive compartments is con- 
sidered. For any given tube, the values of the per- 
tube transfer coefficients in the two ~m~artrn~nts are 
averaged. The per-tube Sherwood numbers resulting 
from the averaging are denoted as Shmbeimnd. 

vv* = tir/pA,,, @I 
in which i is the rate of mass flow in the heat ex- 
changer, and p is the mean air density in the fully 
developed region. Then, a per-compartment pressure 
loss coefficient I$ was evaluated as 

The averaging to determine Slatubt!mod is straight- 
foward. For example, a tube at position 2,3 in one 
compartment is at position 10,3 in the next com- 
partment. So, for that tube, 

The mass (heat) transfer and pressure drop results 
will be parameterized by the Reynolds number 

from which pV* can be eliminated with the aid of 
equation (8), yielding 

S&%be,rnod = ]S%(2,3) + Sh( 10,3)],‘2. (4) 

The per-tube Sherwood numbers can also be util- 

(11) 

ized to evaluate the average Sherwood number Sk,, 
for each row in a compliment. For the averaging, it 
is convenient to let the index i denote the row number 
(i = 1 to 11) and the index j denote the transverse 
positions of individual tubes in a row (j = 1 to J 
where, according to Fig. 2, J = 3, 4 or 5). Then, for 
any row, 

The Sherwood numbers at each of the unique tube 
positions in a compartment are presented in Figs. 3- 
5. Each figure is a composite consisting of several 
graphs, with each graph serving to convey results for 
a given row. In particular, the graphs of Fig. 3 
convey results for rows l-4, those of Fig. 4 for rows 
5-8, and those of Fig. 5 for rows 9-l 1. 

In addition, the averaging can be extended over all 92 
tubes in a compartment to yield Skcomp. Since the value 

of shcomp is the same for all compartments in the 
fully developed regime, it folIows that the average 
Sherwood number SIz,& for a two~om~~rtment 
module is equal to ShCornr. Then, 

The main focus of Figs. 3-5 is to compare the per- 
tube Sherwood numbers for the present interbaffle 
spacing (L/D = 0.385) with those for the interbaffle 
spacing of ref. [l] (L/D = 0.585). To enable such com- 
parisons to be made with complete clarity, it is necess- 
ary to avoid overlap of data ~orr~~~nding to the 
various transverse tube positions in a given row (i.e. 
the j positions}. To separate the data for the various 
transverse positions, the scheme set forth in the legend 
of Fig. 5 has been adopted. As indicated there, the 
Sherwood number at the transverse position j = I has 
been plotted as such, while the Sherwood numbers 
at positions j = 2, 3,. . . have been plotted as 1.2Sh, 
(1,2)‘Sh, . . . , respectively. Thus, for example, for row 
1 (Fig. 3, upper left), the j = 1 data lie lowest in the 
graph, above which are the j = 2 data and the j = 3 
data, in that order. 

As noted earlier, the Sherwood number results can 
be transformed to Nusselt numbers by employing the 
analogy between heat and mass transfer. The trans- 
formation is discussed in ref. [l] and need not be 
repeated here. 

Attention will now be turned to the data reduction 
for the pressure drop. As was mentioned in the pre- 
ceding section, each compa~ment was equipped with 
three pressure taps, enabling three independent deter- 
minations of the per-compartment pressure drop Ap. 
As will be demonstrated later, the three values of 
L\p were virtually identical, and the small differences 
among them were averaged out. 

For a dimensionless presentation of the pressure 
drop resu!ts, it is necessary to define a characteristic 
velocity. Here, the mean velocity at the minimum free- 
Aow area in the row of tubes situated in the widest 
part of the cross section will be used (i.e. row 6). At 
that row, there are 10 tubes, so that 

In each graph, the Sherwood number (or its scaled 
version) is plotted as a function of the Reynolds num- 
ber. The open data symbols represent the results for 
the L/D = 0.385 interbaffle spacing (present case), 
while the black symbols depict the data for 
L/D = 0.585 [l]. The L/D = 0.385 data at each tube 
position have been interconnected by a least-squares 
straight line, which corresponds to the power-law 
relation Sh = C&f. 

Attention may first be focused on rows l-3, which 
are situated in the inflow window of the compartment. 
It is seen that in both rows 1 and 2, the Sherwood 
numbers for the LjrZ = 0.585 spacing clearly exceed 
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3. Per-tube Sherwood numbers at tubes situated in rows 14 in a compartment for L/D = 0.385 (open 
symbols) and 0.585 (black symbols). 
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.4. Per-tube Sherwood numbers at tubes situated in rows 5-8 in a compartment for L/D = 0.385 (open 
symbols) and 0.585 (black symbols). 

Sh 

200 

150 

40 @ 

@ 

100 

80 

60 6 

4 

2 

i Sh x 
I 

PA t I 
q m 2 1.2 

0e 3 I.22 

VI 4 1.23 

o* 5 l.24 

5. Per-tube Sherwood numbers at tubes situated in rows 9911 in a compartment for L/D = 0.385 
(open symbols) and 0.585 (black symbols). 
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those for the L/D = 0.385 spacing, with the deviations 
being as large as 15%. The same qualitative relation- 
ship prevails in the third row, but the quantitative 
deviations are considerably smaller. 

Table 1. Values of Shthtubclmod/Shmod for L/D = 0.385 (first 
entry) and L/D = 0.585 (second entry) 

(a) Re = 1350 
i 

In the crossflow zone, rows 4-8, the opposite 
relationship applies, that is, the Sherwood numbers 
for the L/L) = 0.385 spacing generally exceed those 
for the L/D = 0.585 spacing. The deviations are, for 
the most part, in the 5% range. It also appears that 
the Sherwood number is slightly moresensitive to L/D 

at positions nearer the symmetry line than at positions 
nearer the shell wall. 

Rows 9-l 1 are in the outflow window of the com- 
partment. The results for row 9 are similar to those 
for the crosshow zone with regard to the L/D effect. 
However, in rows 10 and 11, the results are ambiva- 
lent with respect to L/D. There is a tendency for 
the L/D = 0.385 results to slightly exceed those for 
L/D = 0.585 at positions nearer the symmetry line, 
with a reverse relationship at positions nearer the shell 
wall. 

Row 1 2 3 4 5 
- 

i,ll 0.70 0.69 0.77 
0.71 0.74 0.84 

2,lO 0.84 0.84 0.87 1.02 
0.89 0.89 0.97 1.05 

329 1.04 I .06 1.05 I .07 I.14 
I .08 1.07 1.06 1.08 1.13 

4.8 1.10 1.09 1.09 1.06 1.03 
1.07 1.07 1.05 1.04 1.00 

5,7 1.12 I.11 1.09 1.03 1.00 
1.08 1.07 1.06 1 .oo 0.97 

6 1.13 1.12 1.08 0.98 0.91 
1.08 1.06 1.02 0.97 0.90 

(b) Re = 2850 
_i 

To rationalize these findings, it may be observed 
that a smaller interbaffle spacing produces a more 
channeled ffow in the crossflow zone. In turn, this 
channeling alters the path followed by the fluid as it 
turns through the baffle window from the outflow end 
of one compartment into the inflow end of the next 
compartment. In particular, the turning occurs farther 
from the baffle edge and is sharper. 

1 2 3 4 5 

1,ll 0.69 0.68 0.74 
0.72 0.73 0.80 

2,io 0.83 0.82 0.86 1.01 
0.86 0.88 0.94 1.04 

3,9 1.05 1.04 1.04 1.07 1.16 
1.06 1.07 1.06 1.09 1.14 

The more channeled nature of the flow is respon- 
sible for the observed higher Sherwood numbers in 
the crossflow zone and in the adjacent row in the out- 
flow window (i.e. in row 9). On the other hand, the 
turning flow washes the back sides of the tubes in 
the inflow window to a lesser extent, which reduces 
the Sherwood numbers at those tubes. 

4,8 1.12 1.10 1.09 1.08 1.03 
1.07 1.06 1.05 1.06 1.02 

577 1.13 1.12 1.10 1.05 1.01 
1.08 1.07 1.05 1.02 0.99 

6 1.11 1.11 1.08 0.99 0.92 
1.07 1.05 1.04 0.99 0.93 

(c) Re = 5750 

i 

The results presented in Figs. 3-5 conveyed the per- 
tube Sherwood numbers at all tubes situated within a 
given compartment. Attention is now turned to the 
per-tube Sherwood numbers Shlubelmad for a two-com- 
partment module. This information is given in Table 
1 where, to provide greater generality, the ratio of 

S~l~~~,~~~ to the module-average Sherwood number 
Sh mod (averaged over all tubes) is listed. The table is 
subdivided into (a), (b) and (c) parts, respectively for 
Reynolds numbers of 1350,285O and 5750. 

Owing to the two-compartment averaging, the 

1 2 3 4 5 

I,11 0.69 0.69 0.75 
0.76 0.73 0.81 

2,lO 0.83 0.82 0.86 0.98 
0.86 0.86 0.93 1.04 

3,9 1.04 1.05 I .05 1.08 1.16 
1.06 1.05 1.05 1.09 1.18 

4,8 1.11 1.11 1.09 1.09 1.05 
1.07 1.06 1.06 1.06 1.01 

5,7 1.11 1.10 I .09 1.07 1.00 
1.04 1.06 1.05 1.04 1.00 

6 1.11 1.10 1.01 1.00 0.93 
1.04 1.04 1.05 1.02 0.96 Skwmd values at corresponding tubes in rows 1 

and I1 are identical, and similarly for rows 2 and 
10, 3 and 9, etc. This commonality is indicated in the 
row listing in Table 1 (left-hand column). A horizon- 
tal line has been drawn in the table to separate the 
window rows (l-3 and P-1 1) from the crossflow rows 
(4-8). As before, the index i designates the trans- 
verse position of a tube in a row. Note that for each 
tube position, there are two entries. The first entry 
corresponds to t/D = 0.385, while the second entry 
is for L/D = 0.585. As will be documented later, 

Shmod is virtually the same for L/D = 0.385 and 
0.585 at each Reynolds number, so that a comparison 

of %t*e,mod/=mod values for the two L/D is tanta- 
mount to comparing S&u~,mod values. 

As can be seen in the table, the lowest values of 

Shtubejmod are in rows 1 and 11, i.e. in the most-out- 
board rows of the inflow and outflow windows. Here, 
Sherwood numbers that are 30% below the module 
average value are in evidence. Higher Sherwood num- 
bers occur in the intermediate window rows (2 and 
lo), with still higher values in the baffle-adjacent win- 
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FIG. 6. Row-average Sherwood numbers in a compartment 
for L/D = 0.385 and 0.585. 

dow rows (3 and 9). Note that in all the window 
rows, there is a tendency for the Sherwood number to 
increase in the direction of increasing j (i.e. from the 
symmetry line to the shell wall). In fact, the highest 
Sherwood number in the heat exchanger occurs at 
j = 5 for rows 3 and 9-about 15% above the com- 

partment average value. 
In the crossflow zone, there are only slight row-to- 

row differences. In contrast to the aforementioned 
trend in the window zones, the Sherwood numbers in 
the crossflow zone decrease in the direction from the 
symmetry line to the shell wall (i.e. with increasing 1). 

For the most part, the values of Shtuklmod/Shmod in the 
crossflow zone exceed unity. 

The qualitative relationships between the tabulated 
results for the two interbaffle spacings are as set forth 
in the discussion of Figs. 3-5, but the extent of the 
deviations is moderated by the two-compartment 
averaging. 

Row, compartment and module Sherwood numbers 
The Sherwood numbers Sh,,, for each row in a 

compartment are plotted in Fig. 6 as a function of 
the row number. The data are parameterized by the 
Reynolds number and by the interbaffle spacing. 
Module-based values of the row Sherwood number 
are readily determined by averaging the appropriate 
compartment-based values of Fig. 6. For example, the 
module-based Sherwood number for either of rows 3 
or 9 is obtained by averaging the plotted Sh,,, values 
for rows 3 and 9. 

As seen in Fig. 6, the row-by-row variation of the 
Sherwood number has the same form for the two 
investigated interbaffle spacings. Starting with a rela- 
tively low value in the first row, the Sherwood number 
increases substantially in the succeeding rows of the 

Table 2. Values of Shcomp = ?#I,,,~ 

Re 

1350 
2850 
5750 

LID 
0.385 0.585 

40.48 40.71 
64.56 64.32 

101.38 100.19 

inflow window, attaining a maximum just upstream 
of the baffle edge. In the crossflow zone, the row-by- 
row variations are moderate, but there is an overall 

downward trend. In the outflow window, the Sher- 
wood number decreases from row to row, with the 
extent of the decrease being comparable to the 
increase which occurs in the inflow window. 

The greatest effects of interbaffle spacing are in 
evidence in the inflow window, where larger Sherwood 
numbers correspond to the larger spacing. The Sher- 
wood numbers in the crossflow zone are less sensitive 
to the interbaffle spacing, but those for the smaller 
spacing are consistently higher. Even lesser sensitivity 
is in evidence in the outflow window, and there is 
some inconsistency as to whether the L/D = 0.385 
results or the L/D = 0.585 results lie higher. 

The compartment-average and module-average 
Sherwood numbers, Shcamp and Shmod, are listed in 
Table 2. The tabulated results show that, despite 
spacing-related differences in the per-tube Sherwood 
numbers and the row Sherwood numbers, the com- 

partment and module Sherwood numbers were vir- 
tually unaffected by the interbaffle spacing. In par- 
ticular, the maximum spacing-related deviation in 
evidence in Table 2 is about 1.2%. The local per- 
tube deviations have, therefore, canceled out in the 
averaging process. Thus, if only the overall heat or 
mass transfer characteristics are of interest, changes 
in the interbaffle spacing in the investigated range are 
not an issue. 

Pressure drop results 
The distribution of pressure throughout the heat 

exchanger is presented in Fig. 7 for a representative 
case. Also included in the figure, at the upper left, is 
a diagram showing the layout of the pressure taps. As 
seen there, taps 14 are situated at the center of the 
crossflow zone in the successive compartments, taps 
7-12 are at the outflow ends of the compartments, 
and taps 13-17 are at the inflow ends of the compart- 
ments. In the fully developed regime, the pressure 
drops between successive inflow-end taps, between 
successive outflow-end taps, and between successive 
center taps should be the same. 

The pressure is plotted on the ordinate in dimen- 
sionless terms, where pm is the pressure in the ambient 
from which the air was drawn, p is the pressure at a 
tap location, and fp V *’ is the characteristic dynamic 
pressure. As seen in the figure, the pressures naturally 
fall along three straight lines, respectively for the 
inflow-end taps, the center taps, and the outflow-end 
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FIG. 7. Representative pressure distribution throughout the 
heat exchanger (L/D = 0.385, Re = 1480). 
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FIG. 8. Per-compartment pressure loss coetlkients for 
L/D = 0.385 and 0.585. 

taps. The lines, determined via least-squares, are vir- 

tually parallel. Their slopes, when averaged, yielded 
the pressure drop Ap per compartment which was 
used as input for the evaluation of the pressure loss 
coefficient K,. 

Further inspection of Fig. 7 shows that the pressure 
drop between the inflow end and the center of a com- 
partment is substantially greater than the pressure 
drop between the center and the outflow end, which 
is consistent with the nature of the flow pattern. Also 
noteworthy is the fact that the pressure data for all 
compartments, including the first compartment, fall 
squarely on the straight lines, thereby indicating the 
very rapid hydrodynamic development of the flow. 

The per-compartment pressure loss coefficients for 

both the L/D = 0.385 and 0.585 interbaffle spacings 
are plotted in Fig. 8 as a function of the Reynolds 
number, with the respective representations 

K = 14.02Re~“.“R’X, Kp = 15.95Re-0~""55. (12) P 

Note that for both cases, there is a weak dependence 
of Kp on the Reynolds number, as befits flows in which 
inertial losses play a dominant role relative to skin 
friction. The slightly greater dependence for the case 
of the smaller spacing may reflect the greater role of 
the baffle surfaces and the more compact turning of 
the flow. 

Table 3. Comparison of predicted Shcomp and Kp values for 
L/D = 0.385 and L/D = 0.585 

~h(O.S85)/~~(0.385) ~~(0.585)~~~(0.385) 
Re T D EXP T D Exp 

.__- 
1350 1.06 1.01 1.01 1.19 1.30 1.39 
2850 1.06 1.01 1.00 1.19 1.31 1.42 
5750 1.06 I.01 0.99 1.19 1.33 1.46 

Figure 8 indicates that the per-compartment press- 
ure loss for the L/f) = 0.385 bathe spacing is, on the 
average, about 70% of that for the L./L) = 0.585 baffle 
spacing. However, 1.52 of the former compartments 
are needed to provide the same heat transfer surface 
(of the tubes) as is provided by one compartment of 

the latter. Thus, for the same heat transfer surface 
area, the pressure drop for the L/D = 0.385 baffle 
spacing is about 6% greater than that for the 
L/D = 0.585 spacing. Therefore, from the pressure 
drop standpoint, the latter is very moderately advan- 
tageous. 

Comparisons with design methods 
Design methods are available for the prediction of 

the compartment Sherwood number and K, values. 
The methods to be employed here are those of Tinker 
[2, 31 and of the Delaware Project [4, 51. The appli- 
cation of these methods to the heat exchanger of ref. 
[I] has been set forth in detail in ref. [8], and the 

present application differs only in that a different 
numerical value of the interbaffle spacing L is used. 
Therefore, the evaluation of the design methods will 
be omitted here, and only the final results will be 
presented. 

There are, however, a few comments which are 

relevant with regard to the application of the Dela- 
ware Project method. In ref. [8], it was found that 
the treatment of the bypass effect as specified in the 
original version of the method [4] gave better agree- 
ment with the experimental results of ref. [I] than did 
the treatment specified in the updated version [S]. 
Consequently, the original treatment of the bypass 
effect will be used here. Also, the application of the 
method requires that heat transfer coefficients for 
crossflow tube hanks be provided as input. In ref. 
[8], crossflow heat transfer coefficients from various 
literature sources were employed, and those of the 
Whitaker correlation [9] yielded results that agreed 
best with the experimental data. The Whitaker cor- 

relation will, therefore, be used here in implementing 
the Delaware method. 

Table 3 lists the ratios Sh(0.585)/Sh(0.385) and 
K,(O.585)/K,,(O.385) predicted by the Tinker method 
(T) and the Delaware Project method (D), where 
Sh(0.585) and S/2(0.385) respectively denote the com- 
partment Sherwood numbers for L/D = 0.585 and 
0.385, and similarly for KJO.585) and Kr(O.385). The 
Sherwood numbers correspond to SC = 2.5. Also 
included in the table for comparison purposes are the 
values of the ratios obtained by using the present data 
in conjunction with that of ref. [I]. 
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Table 4. Comparison of experimental and predicted values 
of Shcomp and KP 

1350 1.01 1.03 0.74 1.13 
0.96 1.03 0.83 1.21 

28.50 1.03 1.05 0.79 1.11 
0.97 1.04 0.92 1.21 

5750 1.07 1.07 0.84 1.10 
1.00 1.06 1.00 1.20 

Inspection of Table 3 indicates that, relative to the 
experimental data, the Delaware method predicts the 
variation of MC,, with L/f) very well, while the 
Tinker method moderately overpredicts the variation. 
Similarly, for K,, the Delaware method provides 
a better prediction of the variation with L/D, but 
both methods appear to underpredict the extent of 
the variation. 

Whereas Table 3 dealt with the variation of the 
results with L/D, Table 4 compares the predicted 
results with those of experiment at each L/D and Re. 
To this end, Table 4 conveys the ratios ~~~~~/~~~~~~ 
and (~~)~~~~(K~)~~~~. At each Reynolds number, there 
are two lines of entries in the table. The first line 
conveys results for L/D = 0.385, while the second line 
is for LfD = 0.585. As before, the headings T and D 

5.5 5.4 5.3 5.2 5.1 

respectivefy denote the predictions of the Tinker and 
the Delaware methods. Both the S/z and Kr of Table 
4 are compartment-based quantities. 

From the table, it is seen that for ShEomp, both of 
the design methods predict the experimental results 
with acceptable accuracy, with the maximum devia- 
tion being 7%. The Delaware-method predictions 
are consistently low, whereas those of the Tinker 
method are either high or low depending on L/D. 
Overall, the Tinker predictions are somewhat closer 
to the experimental results. 

The Kp values from the design methods show larger 
deviations from the experimental data than was the 
case for ShComp. In general, the I$, from the Tinker 
method are high while those from the Delaware 
method are low. Furthermore, whereas the Delaware 
predictions are closer to the data for LfD = 0.385, 
the Tinker predictions are closer for LfD = 0.585. 
Therefore, for the prediction of Kp, it would appear 
best to use the Delaware method at smaller interbaffle 
spacings and the Tinker method for larger interbaffle 
spacings. 

Photographs of the flow visualization patterns on 
the shell wall, on the surface of the baffle plate, and 
at each of the 49 unique tube positions are available 

FIG. 9. Flow visualization patterns at the tubes of row 5 for L/D = 0.385. 
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in ref. [lo]. Here, owing to journal space limitations, 
only a sample of the available information will be 
presented, and Fig. 9 has been prepared in this regard. 
As seen by the labels affixed to the figure, the visu- 
alization patterns pertain to the five unique tube pos- 
itions in row 5, namely, positions $1 to 55. 

of ref. [1] are presented in ref. [I 11. A comparison of 
those results with the present visualization patterns 
confirms the expected channeling of the Row in the 
crossflow zone associated with the smaller interbaffle 
spacing. 

Figure 9 consists of two tiers of photographs, with 
five photographs in each tier. The upper tier shows 
what is seen by an observer who stands upstream of 
the tubes and looks downstream. On the other hand, 
the lower tier is the view seen by an observer situated 
downstream of the tubes who looks upstream. The 
reason for obtaining the two views for each tube is 
to highlight the respective fluid flow patterns on the 
forward-facing and rearward-facing portions of the 
tube. To achieve definitive visualization patterns for 
each portion, it was necessary to use oil-lampbla~k 
mixtures of different fluidities (a more fluid mixture 
for the rear portion). 

CONCLUDING REMARKS 

Each of the 10 photographs shown in Fig. 9 is a 
picture of the contact paper which had been affixed 
to the tube during the visualization run and had been 
removed and laid flat after the run. Prior to the run, 
the surface of the contact paper had been uniformly 
coated with the oil-lampblack mixture (and was, 
therefore, uniformly black). 

In the experiments described here, the response of 
the mass (heat) transfer and pressure drop on the shell 
side of a shell-and-Tut heat exchanger to changes in 
the interbaffle spacing has been investigated. By means 
of the naphthalene sublimation technique, Sherwood 
numbers (dimensionless mass transfer coefficients) 
were determined at each tube in a typical com- 
partment of the heat exchanger-a compartment situ- 
ated in the region of hydrodynamically developed 
flow. The per-tube Sherwood numbers were used to 
evaluate row-average and compartment-average 
values. Sherwood numbers were also evaluated for a 
module consisting of two consecutive compart- 
ments. 

Each of the upper-tier visualization patterns dis- 
plays several common features. The narrow vertical 
line in the center of each pattern depicts the forward 
stagnation line. Emanating from the stagnation line 
is an array of very fine horizontal streaks embedded 
in a white background. These streaks represent a cir- 
cumferential flow around the forward portion of the 
tube. The streaks terminate in a black region which 
reflects the separation of the flow from the surface of 
the tube. There is also a black region at the upper end 
of each visualization pattern. This black region is 
indicative of a pocket of separated flow which exists 
because the fluid which passes from one compartment 
to the next cannot execute a sharp turn. Note that the 
size of this pocket of separated flow increases in the 
direction from the symmetry line (BB’ in Fig. 2) 
toward the shell wall. Note also that at the shell- 
adjacent tubes 5,4 and 5,5, there are extra stagnation 
lines, These extra lines result because the fluid is mov- 
ing outward toward the shell in order to fill the widen- 
ing cross-sectional area. 

Pressure distributions throughout the heat ex- 
changer were also obtained, yielding not only the 
per-compartment pressure drop but also the pressure 
variation within a compartment. Flow visualizations 
were performed using the oil-lampblack technique. 
To supplement the experimental results, compart- 
ment Sherwood numbers and pressure drops were 
computed by applying the design methods of Tinker 
and of the Delaware Project. 

The greatest sensitivity of the per-tube Sherwood 
numbers to the interbathe spacing occurred at the 
tubes situated in the inflow window of the compart- 
ment. There, the greater the interbaffle spacing, the 
larger was the per-tube Sherwood number; the 
spacing-related effects were in the 15% range. In the 
crossflow zone, the per-tube Sherwood numbers cor- 
responding to the smaller interbaffle spacing exceeded 
those corresponding to the larger interbaflle spacing 
by about 5%, and this relationship carried over into 
the baffle-adjacent row of tubes in the outff ow window 
of the compartment. The other rows of tubes in the 
outflow window were ambivalent to the effect of the 
interbaffle spacing. 

The lower tier of photographs of Fig. 9 reveals the 
presence of a rear stagnation line. The stagnation line 
is flanked by a pair of counter-rotating eddies. In turn, 
the eddies are flanked by dark vertical bands which 
correspond to very slow-moving, separated fluid. The 
light-colored vertical bands at the edges of the photo- 
graph are the zone of circumferential flow mentioned 
in the preceding paragraph. Also in evidence in the 
upper reaches of these photographs is the black region 
which represents the pocket of separated flow associ- 
ated with the turning of the fluid from one com- 
partment into the next. 

Despite the aforementioned per-tube responses to 
the interbaffle spacing, the compartment-average 
Sherwood numbers were virtually unaffected by the 
spacing. 

The measured pressure distributions showed that 
within a given compartment, the pressure drop 
between the inflow end and the center of the com- 
partment is substantially greater than the pressure 
drop between the center and the outflow end. The 
hydrodynamic development of the flow, as evidenced 
by the pressure distributions, was completed within 
the first compartment of the heat exchanger. 

Flow visualization patterns for the heat exchanger 

The per-compartment pressure drop decreased as 
the interbaffle spacing decreased. However, for the 
same streamwise length of heat exchanger, the press- 
ure drop for the smaller interbaffle spacing slightly 
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exceeded (by about 6%) that for the larger interbaffle 

spacing. 
Both the Tinker and the Delaware Project design 

methods yielded compartment Sherwood numbers 
which agreed satisfactorily with the experimental 
data. For the compartment pressure drop, the Dela- 
ware-based predictions are closer to the data at the 
smaller interbaffle spacing, while the Tinker-based 
predictions agreed better with the data at the larger 
interbaffle spacing. 
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EFFET DE L’ESPACEMENT DES BAFFLES SUR LE TRANSFERT THERMIQUE ET 
LA PERTE DE CHARGE DANS UN ECHANGEUR DE CHALEUR TUBE-CALANDRE 

R&nn&Des experiences sont faites pour determiner l’effet du changement de l’espace entre baffles sur le 
transfert de chaleur (masse) et la perte de charge c8te calandre dun echangeur. Des coefficients de transfert 
de chaleur (massse) par tube, par rang&e et par compartiment sont obtenus a l’aide de la technique de 
sublimation du naphtalbne, pour le regime pleinement ttabli. Des mesures de distribution de pression sont 
effect&es et la configuration de l’bcoulement est visualisbe a l’aide de la technique de la fumee d’huile. La 
plus grande sensibilitt a l’espacement des baffles concerne les tubes situ&s dans la fendtre dent& d’un 
compartiment, od les plus grands coefficients sont obtenus pour des grands espacements des baffles. Dans 
la zone d’ecoulement transversal, les coefficients de transfert par tube pour le plus petit espacement des 
baffles sont superieurs (5% environ) a ceux pour le plus grand espacement, et de faGon semblable dans la 
region de la fenetre de sortie du compartiment. Etant don& des compensations par zone, les coefficients 
de transfert moyens par compartiment sont virtuellement insensibles a l’espacement. La perte de charge 
par compartiment diminue quand l’espacement entre baffles decroit, mais pour une longueur fix&e, la perte 
de charge est legerement plus forte pour des espacements petits. Les resultats expirimentaux sont compares 

aux previsions des mtthodes de conception Tinker et Delaware. 

EINFLUSS DES SCHIKANENABSTANDS AUF DEN WARMEUBERGANG UND 
DEN DRUCKVERLUST IN EINEM ROHRBUNDEL-WARMEAUSTAUSCHER 

Zusammenfassung-Es wurden Experimente durchgefiihrt, urn die Auswirkungen des Schikanenabstands 
auf den Warmetibergang und den Druckverlust im Mantelraum eines Rohrbtindel-Warmeaustauschers zu 
untersuchen. Die Warmeiibergangskoeffizienten pro Rohr, pro Rohrreihe und pro Schikanenteilung 
wurden mit Hilfe der Naphthalin-Sublimations-Methode ermittelt. Druckverteilungsmessungen wurden 
entlang des Warmeaustauschers durchgefiihrt und die sich ausbildenden Striimungsbilder mit Hilfe der 
Gl-FlammruB-Methode sichtbar gemacht. Die griil3ten Auswirkungen des Schikanenabstands auf den 
Wlrmeiibergang eines Rohres wurden bei Rohren festgestellt, die im Einstriimfenster einer Teilung lagen, 
wobei hiihere Ubergangskoelhzienten (urn etwa 15%) bei grol3eren Schikanenabstlnden auftraten. Im 
Kreuzstrom-Bereich sind die Wlrmetibergangskoeffizienten bei geringeren Schikanenabstanden urn unge- 
fahr 5% gr6Ber als bei griigeren Abstlnden. Ahnlich verhllt sich die Rohrreihe in Schikanennahe im 
Ausstromfenster der Teilung. Aufgrund der kompensierenden Wirkung der vorher erwihnten Er- 
scheinungen fiir ein Rohr bleiben die Ubergangskoeflizienten scheinbar unbeeinfluDt vom Schikanenabstand. 
Der Druckabfall pro Teilung nahm nit abnehmendem Schikanenabstand ab, fur eine bestimmte durch- 
strdmte Lange war jedoch der Druckverlust bei geringeren Abstanden geringfiigig griil3er. Die experi- 
mentellen Ergebnisse wurden mit den Aussagen nach dem Verfahren von Tinker und Delaware verglichen. 
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BJIMRHME PACCTOIIHWI MEXAY l-lEPErOPOAKAMM HA TEnJIOOEMEH M 
l-IEPEnAJ( AABJ’IEHMR B KOXYXOTPYEHOM TEITJIOO6MEHHMKE 

AHHOTBlUl~-npOBeneHb1 3KCIlepHMeHTbI II0 OIl~neneHHIO BJIBIIHWII pBCCTOIIHHI4 MeEny Ile~rOpO~KaMH 
Ha TeIInO(MBCCO)O6MeH W IlelWlBn WBneHHR B KOTyXOTpy6HOM TeIInOO6MeHHIiKe. KO3@&WieHTbI 
TennooTnaw oTnenbHb*x ~py6, prnoB Tpy6 B KaMepbI npH nonHocTbm pa3mToM pemeMe nonyvesbt 
MeTonoM cy6neMaqee Ba$TanwHa. PacnpeneneHIte naBneHm ltshleprnocb no BceMy TeIInOO6MeHHHKy; 
KapTwHa TeYeHm winKocTW BIi3yanusepoBanacb c noh4oIubIo 3aKomeHoro cTeKna. Haw6onee cmbHan 
3aBHCWMOCTb KO++BUUeHTB TeIInOOTLIaYB OTflenbHO8 Tpy6bI OT PXCTORHBR MCXiJy nCpWOpOL,KaMH 
HB6nlo&UIaCb B Tpy6ax, paCIIOnOmeHHbIx BO BIIyCKHOM OKHe KBMepbI, rflc 66JbUIHM pBCCTOIIHWIM 
MeEny neperoponKaMB COOTBeTCTByIOT 66nburHe (Ha 15%) 3HalleHWIl K03Ij+WieHTB. B 30He IlOIlepe’I- 
HOI-O Te~eHWI K03@@UHeHTbI TfXIJIOOTniiW OTnenbHOii Tpy6b1, COOTBeTCTByIWlHe MeHbUIWM paCCTOSI- 
miKM Mexny neperoponKaM8, Ha 5% IIpeBbIuIana 3HaSeHWR K03+@WI,HeHTOB, nonyqeHHbIe nJIII 
66nburwx paccTonewii; aHanormHan ca-ryawin Ha6nIOnaeTCB B pmy, npeMbIKaIoueM K neperoponre, B 
BbIXOnHOM OKHe KaMepbI. ApyrHe pIInb1 B BbIXOnHOM OKHe IIpIIMOIIpOTBBOIIOnO~HO 3BBHCllT OT pBCC- 
ToKHIin Memny neperoponKabni. 6naronapn rauIeHm0 BbIHyXneHHbIx peaKI@ 0TnenbHofi Tpy6bI. pacc- 
TOIIHBe npaKTuqecKB He mkinno Ha K03@@HIJAeHTbI TennooTnasi, OcpenHeHHbIe no 06aeMY KaMepbI. 
nepenan naBneHIin 0TnenbHol KaMepbI yMeHbuancn BMecTe c yMeHbmeHseh4 paccTonHsn Memny nepe- 
roponKaMu, B TO spehfn KaK nnn +aKcepoBaHHoR no HanpaBneHwo TeqeHHn nmiHbI 3Haqetwie nepenana 
nBBneHHI 6bIno HeMHOrO 6onbme &JIB MeHbI”llX PXCTOHHltfi. Pe3ynbTBTbI 3KCIIcpHMcHTOB CpaBHHBB- 

nacb c pacqeTaMsi no MeTonaM THHKepa w AenaBepc lTpomeKT. 


