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Abstract In this paper the thermal behavior of the shell-side flow of a shell-and-tufe heat
exchanger has been studied using theoretical and experimental methods. The experimental
method Provided the effect of the major parameters of the shell-side flow on thermal energy
exchange. In the numerical method, besides the effect of the major paramerers, the effect of
different geometric parameters and Re on thermal energy exchange in shell-side flow has been
considered. Numerical analysis for six baffle spacings namely 0.20, 0.25, 0.33, 0.50, 0.66, and 1.0
of inside diameter of the shell and five baffle cuts namely 16%, 20%, 25%, 34%, and 46% of
baffle diameter, have been carried out. In earlier numerical analyses, the repetition of an
identical geometrical module of exchanger as a calculation domain has been studied. While in
this work, as a new approach in current numerical analysis, the entire geometry of
shell-and-tube heat exchanger including entrance and exit regions as a calculation domain has
been chosen. The results show that the flow and heat profiles vary alternatively between baffles.
A shell-and-tube heat exchanger of gas-liquid chemical reactor system has been used in the
experimental method. Comparison of the numerical results show good agreement with
experimental results of this research and other published experimental results over a wide rang
of Reynolds numbers (1,000-1,000,000).
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INTRODUCTION shell-side flow has the greatest effect on the

Shell-and-tube heat exchangers are used in
many thermal industries [1]. Their proper
designs play a vital role in heat recovery and
increase the efficiency ofindustrial cycles. The

International Journal of Engineering

efficiency of exchanger. An appropriate
shell-side flow can increase heat transfer and
reduce the pressure drop and pumping
expenses. The behavior of this complex flow is
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severelyaffected by parameters such as baffle
spacing, baffle cut, Re and Pr of the fluid.
Inappropriate selection of each of the
above-mentioned parameters may create
problems such as reduction of cross-sectional
area, creation of wide vortex regions, reduction
ofheat transfer and increase of pressure drop.
Tinker [2] examined more than 75 cases of
different geometric parameters. However, due
to problems prevailing in laboratory
experiments, he managed to analyze only a few
limited cases of baffle spacing and baffle cut.
Patankar and Spalding [3] carried out numerical
analyses using three dimensional models with a
prosmatic shell for two baffles only. They
mentioned that due to the problems existing at
the time they were unable to vary baffle
numbers or other variables. Other investigators
[4,5,6] have based their work on the model with
one or more baffles restricted by two flat plates
on the top and bottom. They assumed that the
primary inlet flow was always parallel to the
plate. This assumption is in direct contrast with
real flows in exchangers.

Previous works have revealed that
experimental analyses face the problem of
measurement of detail thermal and
hydrodynamic conditions of shell-side flow
Numerical analysis has been carried out only for
a part of exchanger as a geometrical module
with fully developed flow. In this way, the effect
ofinlet and outlet conditions do not appear in
calculations [5,6]. while in the present research,
the entire geometryofthe shell-and-tube heat
exchanger has been considered.

In this investigation the first experimental
tests were conducted on a shell-and-tube heat
exchanger. The experimentalresultshave been
used for validating numerical analysis. The shell-
side heat transfer coefficient has been obtained
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byvarying Reynolds number of shell-side flow
(changing the inlet flow rate), and measuring
inlet-outlet fluid temperatures. By comparing
the theoretical and experimental results, the
theoretical model used in calculations for
prevailing exchanger conditions was validated.
The influence of other baffle cases on heat
transfer rate has been investigated using

theoretical models.

GEOMETRICAL CHARACTERISTICS
OF THE HEAT EXCHANGER

The heat exchanger used in the experimental
test was a part of a chemical reactor system [7].
The schematic diagram of the reactor system is
shown in Figure 1. Thermal design of the heat
exchanger was based on Kern's Method [8] and
its mechanical design and construction on the
TEMA standard [9]. The material used in all
partsofthe heat exchanger was SS-316. It had
four segmental baffles. All tubes were seamless.
The rig was equipped with instruments -
Bourdon pressure gauge (accurate to ><0.5 psi),
Bourdon temperature gauge (accurate to ><1K)
and Rotameter (accurate to ><0.5 lit) for
measuring temperature, pressure and flow rate -
in different parts of the heat exchanger. The
end views of a tube sheet and the baffle are
shown in Figures 2 and 3 respectively. Other
geometric characteristics of exchanger are as

follows:

t=0.01 m ID =0.86 m N=121
A=7.6 m? PT/OD =1.5 L=1 m
q=130 kw OD =0.02 m  bc=25%
bs=0.195 m  ID=0.016 4m m=1 n=1

THE GOVERNING EQUATIONS

The equations which govern the turbulent flow
inside the shell of the heat exchanger are
conservation of mass, momentum and energy.
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These equations written in cylindrical co-
ordinates are as follows [10]:

a) The continuity equation:

A 1 A B
E(b ru) + T:&;(rbrv)—O

~

b) x-direction momentum equation:

~ ~

1 A 1A Ap A
— [~ (bru?® + — — r = -5
b[Ax(blj) rAr(rb vl Ar  Ax
(rbruv) - A (rbuu) + R,
Ax

¢) r-direction momentum equation:

1 A 1A . A A
b[ﬂ;(erV)j‘ r:&;(rbrv )] _E\r_ Z;

(rbruv) —LA(r b rVV)—Lrww-i- R,
r Ax r

where Dis the porosity defined as the ratio of
the volume occupied by the fluid to the total
(nominal) value. R, and R are frictional
resistance oftube to flow which are expressed
as:

R = -2f ruG/ (rD,)
where:
f = 0.048 (G D,/ m)02
R, = 2f G, G/ (r P;)
where:

f = [0.23 + 0.11/ (j3P,/OD )] (G OD ,)°15

d) The energy equation:

1 A 1 A
F[R; (erh) + T:&;(r b th)]

A Ah 1 A Ah
Ax(Gthx) rAr(rbGh Ar) Sh

where S, is the rate of heat transfer per unit
volume of the shell fluid and has to be
calculated from experimental data.

The effect of the presence of the tube in the
shell-side flow is included in two different ways.
The first effect of the tubes is that they provide
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distributed resistance to flow, thus producing a
distributed "sink" for momentum. The second
effect is that they produce source of heat. These
effects of tubes are introduced into calculations
through the momentum and energy in the

above equations.

e) The equation of turbulent kinetic energy (k)
and its dissipation rate (€):

In view of the disability of the k-€ model to
cope with anisotropic flows [11,12], the
turbulent stresses are obtained from an
algebraic stress model [13]. In this model in
addition to the six algebraic relations it is
necessary to solve the equation for transport of
kineticenergyofturbulence and its dissipation

rate.
1 A A 1 A G, Ak
2 (rruk) + 2 (VK] = — [ (k2
b [Ax (rruk) Ar (rrviol r [Ar (rSk Ar)
A G, Ak
+ o[ XS+ G, -
AX[Sk Ax] G- Te
1 A A 1 A Ge Ae
— [+ (rrue) + = (rrve)] = — = [r— —=—
G [Ax (rTue) Ar (rrve)l r Ar [rSe Ar]
A Ge Ae e e?
+ -~ - T~ + — - r_
Ax [Se Ax] Clk G- G k
where:
C= 144 C= 192 s=1 s=13 [14]

NUMERICAL SOLUTION AND
BOUNDARY CONDITIONS

The heat exchanger is divided in a 192*48 grid
(axial * radial) in a non-uniform manner with
closer grid lines in regions of steep velocity
gradients (Figure 4). The governing Partial
differential equations for the conservation of
mass, momentum, stagnation enthalpy,
turbulence energy and its dissipation rate are
reduced to their discretisation equations by
integration over the computational cells into
which the domain of interest is subdivided [15].
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Figure 4. Calculation domain.

The resulting algebraic equations can be given
in the following common form:
O (A -S)f,= 0O AFf+s5s
i=N,SE,W i=N,S.E,W

where T represents the general dependent
variable, the A's are the coefficients which
contain contributions fromthe convective and
diffusive fluxes, S, and Spf are the linearised
source terms. Power law scheme is used
tocalculate the diffusion and convection terms.
The set of simultaneous algebraic equations are
solved by a semi-implicit iterative technique
[15]. Because of the elliptic nature of the
conservation equations, a complete description
of the flow field considered necessitates the
specification of boundary conditions at all
boundaries of the domain of interest.
Theboundary conditions at the inlet are
specified once for all. At the exit plane the
conditions are know beforehand and it is
assumed that the radial gradients of all the
variables vanish on this plane. In the regions
near solid boundaries, where the variations in
the dependent variables may be very sharp, the
outer solutions are matched by well-established
wall functions [14].

The specific wall functions employed in this

study are:

k C 12
(£90= Ky Co 12 [ In (B =2y, )]

enw = (knw Cm 1/2)3/2 / Xynw
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k

nw’ “nw

and €, are velocity, turbulence energy and

where tisthe shear stress at the wall, u

disspation rate at a normal distance y,, from the
wall, x, E and C,, are constants which are given
the values, 0.4187,9.793 and 0.09 respectively.
The subscripts wand nw denote the locations
on and near the wall.

The friction and thermal effects of tubes
have been taken into account as a momentum
sink in the momentum equation and heat source

in the energy equation.

EXPERIMENTAL RESULTS

After several tests, the temperatures and flow
rates on inlet and outlet fluid were measured.
Typical results are as follows:

Inlet temperature of saturated steam in
tubes 418 K
Outlet temperature of saturated liquid in
tubes 418 K
290 K
Outlet temperature of water inside shell 302 K
40lit/min
The experimental and theoretical resultsof

Inlet temperature of water inside shell
Flow rate of water inside shell

this research were compared with those of other
investigators namely Tinker [2], Kern [8] and
Bell [6]. This comparison is shown in Figure 5 in
the form of dimensionless heat transfer, J,, over

a wide range of Reynolds numbers (1,000 to
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Figure 5. Heat transfer coefficient.

1,000,000). The small deviation between the
curves are well within the range of experimental
error, which is due to differences in the models
used by different investigators.

THEORETICALRESULTS

With regards to the satisfactory results
obtained form the comparison between
theoretical and experimental results on the
entire field of shell-side flow, in this section the
role of baffles on the flow and the temperature
profile have been investigated by numerical
methods.

Temperature Profile in Exchanger without
Baffles Initially, an exchanger without baffles
was analysed as a base condition. Figure 6-A
shows streamlines inside the exchanger without
baffles. As can be observed, a wide field of
vortex flow is caused on the top of the
exchanger. Figure 6-B shows the temperature
profile inside the shell in the form of isothermal
lines. It has been observed that due to the
absence (disuse) of baffles and consequently
creation of wide vortex and trap of a large part
of fluid inside the shell, the fluid temperature in
this section increases considerably. However,
the rest of the flow inside the shell leaves the
exchanger in a short path and parallel to tubes

20 - Vol. 13, No. 1, February 2000

without causing considerable temperature
change. In other words, the entire exchanger
has not been uniformly used for optimal heat
exchange.

Temperature Profile in Exchanger with

Baffles There is no exact selection for baffle

spacing and baffle cut for optimal conditions in

practical situations. Only baffle spacing in the
range of 0.2 to 1.0 and baffle cut in the range of

15% to 50% have been indicated. Hence, in this

research, six baffle spacings (bs= 0.20, 0.25,

0.35,0.50, 0.66, 1.0) and five baffle cuts (bc=

16%, 20%, 25% 34%, 46%) have been analysed

numerically.

The streamlines for bs= 0.33 and three
baffle cuts are shown in Figure 7. In this figure
a wide vortex field observed in Figure 6-A has
disappeared and the flow passes a longer
distance. In other words, the entire volume of
the exchanger hasbeen properlyusesand only
in the corners and behind the base of the
baffles, small regions of vortex are detectable.
In Figures 8 and 9 the isothermal lines for two
baffle spacings and five baffle cuts are drawn.
An analysis of these figures shows that:

a) In the region with high vortex motion and
low translation motion, the temperature
increases locallyand on the edge ofbaffles,
considerable variationson temperatures are
seen. In contrast to our expectations, the
temperature does not increase rapidly at the
inlet of the nozzle, but it appears in the last
vortex region behind the last baffle.

b) At a constant bs, increasing bc does not
cause considerable increase of temperature.

c) By increasing the number of baffles, the
temperature of fluid inside the shell
increases.

d) The temperature rise after the third baffles is
periodic, which is in good agreement with
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Figure 6. A - Stream line of exchanger without baffle and B - Isothermal lines of exchanger without baffle.

the experimental results and the other
numerical work [17].

Effect of Baffles on Reynolds Number By
definition, the Reynolds number inside the
shell, according to the following relation,
depends on the number of baffles [18].
DG W . D *Chbe
a P

It can be seen that Re does not depend on

Re=

the percentage of baffle cut. Therefore, to
increase the heat transfer conefficient through
changing Reynolds number, the most
appropriate solution is to increase the number
of baffles. Figure 10 is a plot of the variation of
Reynoldsnumber versusthe number of baffles
for entry velocities. It can observes that by
increasing the number of baffles the flow
becomes turbulent more easily and with less
cost compared with increasing the entrance
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velocity.

Variation of Nusselt Number and Pressure
Drop The variation of dimensionless Nusselt
number versus baffle spacing for constant baffle
cut is indicates in Figure 11. In this figure, it can
be seen that with increasing baffle spacing the
dimensionless Nusselt number is decreased.
Also in bc> 34% and be< 0.45 the increase of
dimensionless Nusselt number is very sharp.
This phenomenon is the result of fields of
vortex that appear between the repetitive lattice
at the top and bottom.

Figure 12 shows the effects of the baffle
spacing and the baffle cut on the shell-fluid
dimensionless pressure drop. It can be seen that
increasing the baffle spacing or baffle cut
increases the pressure drop. This is in accord
with the experimental measurements of the
present work.
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CONCLUSIONS numbers(1,000t0/[1,000,000)[IThelmost
important[resultsCofTthis@esearchare fasfollows:

In the previous numerical analyses [5,6], a 1. Usinglal¢ombinationbflthe[experimental “and
repetition of an identical geometrical module of numefical methods, it would be possible [fo!
the exchanger has been studied as a domain of study heat and flow rate in shell-side even
calculation. While in this research, as a new further.

approach in current numerical analysis, entire 2. Comparisonlofitemperature [profilelof
geometry to shell-and-tube heat exchanger exchanger, with and without baffles, shows
including entrance and exit regions were that baffles have the vital role in heat
considered as a domain of calculation. transfer rate.
Experimental and numerical results have been 3. Thewesultsldlsoshow That@heleffectlof
compared over a wide range of Reynolds changing the number of baffles is more

N

bc=16%

be=25%

bc=46%

Figure 7. Stream lines for constant baffle spacing bs=0.33.
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Figure 8. Isothermal lines for constant baffle spacing bs=1.0.
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cut.
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important than varying the height of baffles
for heat transfer rate inside the shell.

4. The temperature rise after the third baffles is
periodic.

5. Increasing Reynolds number in shell-side
causes the increase of heat transfer rate.
Reynolds number can be increased by adding
the number of baffles more easily and with
less cost as compared to increasing the inlet
velocity of the fluid.

6. Increasing the dimemsionless Nusselt
number is very sharp for bc>34% and
bs<0.45.

NOMENCLATURE
a [m?] flow area across tube bundle
bs [m] baftles spacing
Dy [m] hydraulic diameter

G [kg/s. m3] mass velocity
h [W/mz.BC] heat transfer coefficient

N dimensionless heat transfer

L [m] rube length

N total number in heat exchanger
OD, [m] tube length

Prandtl number

Reynolds number

source terms

shell-fluid radial velocity
[m/s] shell-fluid velocity

dissipation of kinetic energy
dependent variable

[m?] heat exchanger area
clearance between tube

f, axial-flow friction factor

G ax [kg/s‘mz] radial or circumferential mass flow rate
based on minimum free area

m tube pass
P [kg/m?]  Pressure
q [W] heat duty
R distributed resistance of tubes in

radial direction
shell thickness
X axial coordinate
m [kg/m.s]  viscosity

G exchange factor
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baffle[¢cut

[m] baffle[diameter
radial-flow[friction[factor
[m] shelllinside[diameter
[m] tubelinside diameter
[m?s?] turbulencellenergy
shell (pass
[m] tube [pitch
radial[¢oordinate
distributes I resistance ] of [Jtubes[] in[Jaxial
direction
[m/s] shell-fluid [dxial wvelocity
kg/m?Y mass[flow[fate
porosity [(fluid ¥olume/total
volume)
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