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Abstract

A mass transfer measuring technique is used to visualize and determine the shellside local heat transfer coe�cients

at each tube in two representative ba�e compartments of a shell-and-tube heat exchanger with disc-and-doughnut
ba�es. The ¯uid ¯ow adjacent to the tube is analysed and the heat transfer in the zones of separated ¯ow discussed.
The shellside ¯ow distribution is determined through the measurements of the local pressure drop in the ba�e-tube

and ba�e-shell clearances. Compared to the single-segmental ba�e, the disc-and-doughnut ba�es have a higher
e�ectiveness of heat transfer to pressure drop. This investigation presents also per-tube and per-compartment
averaged heat transfer coe�cients. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The most widely used heat exchanger in industry is

the shell-and-tube type, because of its relatively simple

construction and multi-purpose application possibilities

for gaseous and ¯uid media in a very large temperature

and pressure range. For many years, various types of

ba�es have been used in shell-and-tube heat exchan-

gers to improve heat transfer while maintaining a

reasonable pressure drop across the exchanger. The

most commonly used ba�e, the segmental ba�e,

causes the shellside ¯uid to ¯ow across the tube bun-

dle. This improves heat transfer by enhancing turbu-

lence or local mixing on the shell side of the

exchanger, but at the cost of a high pressure drop.

This is caused by ¯ow separation at the edge of the

ba�es with subsequent ¯ow contraction and expan-

sion. Due to its broad application, a lot of work has

been reported in this ®eld [1±13].

Compared to segmental ba�es, disc-and-doughnut

ba�es have not achieved similar popularity, mainly

because of manufacturing problems and the absence of

comparable information on heat transfer and pressure

loss [14]. They have higher e�ectiveness of heat trans-

fer to pressure drop than segmental ba�es [1,14±16],

which is due to the radial ¯ow between the bundle

centre and periphery, which eliminates bundle bypass,

and uses much lower cross-¯ow mass velocity than seg-

mental ba�es [14].

In this investigation, the shellside local heat transfer
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coe�cients of a shell-and-tube heat exchanger with

disc-and-doughnut ba�es are measured by applying a

mass transfer measuring technique which is based on
absorption, chemical and colour giving reaction [17±

19]. The visualization of the local shellside heat trans-

fer coe�cient by mass transfer at the individual tubes

gives information on the local ¯uid ¯ow adjacent to

the surface of each tube. Through measurements of
pressure drop in the ba�e-shell and the ba�e-tube

clearances, local shellside ¯ow distributions are calcu-

lated for di�erent inlet ¯ow rates. The results in this

paper allow the formulation and appraisal of predic-
tion methods and, as a result, improve current design

of the shell-and-tube heat exchangers with disc-and-

doughnut ba�es. The development of the local heat

transfer coe�cients in the stagnation regions will be

discussed, which is important for the improvement of
the integral heat exchanger and for reduction of foul-

ing in these regions.

In order to compare the e�ectiveness of heat transfer
to pressure drop for di�erent ba�e types, the ratio of

the integral shellside heat transfer coe�cients to press-
ure drop for single-segmental ba�e and disc-and-
doughnut ba�e will be presented.

2. Experimental apparatus and procedure

The experimental shell-and-tube heat exchanger

model consists of a cylindrical plexiglass shell (1) and
two removable PVC tube sheets (2), which support a
bundle of glass tubes (3) and six tie rods (4). Fig. 1

shows the internal con®guration with a staggered tube
arrangement in the test section. Each tube location is
denoted by two numbers, the ®rst of these is the num-

ber of the row from top to bottom, where the tube is
located. The second number indicates the tube position
within the row from left to right. Only tubes at the

Nomenclature

a pitch ratio, a=s1/d
b surface mass density [kg/m2]
A ¯ow area, A=DiS [m]

d tube outside diameter [m]
Di inside diameter of the shell [m]
l characteristical length, l=pd/2 [m]

L distance of two ba�e compartments [m]
mÇa density of mass ¯ow rate [kg/m2 s]
Ma mass of gas injected into the air stream [kg]

Nu Nusselt number
DP pressure drop of two compartments [N/m2]
Pr Prandtl number
Re Reynolds number

S ba�e spacing [m]
s1 tube pitch cross [m]
Sc Schmidt number

Sh Sherwood number
tv experimental time [s]
_V inlet ¯ow rate [m3/s]

X tube length [m].

Greek symbols
a heat transfer coe�cient [W/(m2 K)]
ba mass transfer coe�cient [m/s]

l thermal conductivity [W/(K m)]
r density [kg/m3]
n kinematic viscosity [m2/s].

Subscripts

a ammonia
w wall
1 in main stream.
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right side are denoted, because of the symmetric tube

arrangement. All of the tubes were made removable

and can be replaced by a mass transfer measuring tube

(Fig. 2a) or by a pressure sensing tube (Fig. 2b). The

essential dimensions and features of the heat exchan-
gers are given in Table 1.

The experimental apparatus is shown in Fig. 3. Air

is induced into the equipment by a fan, while the ¯ow
velocity is measured with a Bellmouth intake and Betz

pressure gauge. A mixer produces a uniform pro®le of

the tracer gas (ammonia) and the ¯ow is homogenized

through a honeycomb. The test section is located in

the third and fourth ba�e compartments from the
exchanger inlet, which are in the fully developed ¯ow

region.

For the visualization and mass transfer measure-
ments, the outer surface of the mass transfer measuring

tube is coated with a wet ®lter paper containing an

aqueous solution of manganese(II)chloride with hydro-

genperoxide as shown in Fig. 2a. This measuring tube

is then inserted in the heat exchanger. A de®ned quan-
tity of reaction gas NH3 is added in given quantity to

the main stream in a very low concentration. Due to

its unique solubility, it is absorbed quantitatively in
the wet ®lter paper according to local partial concen-
tration di�erences. After absorption, the following

reactions take place:

NH3 � H2Oÿÿ*)ÿÿNH �4 � OH ÿ

2NH4OH�MnCl242NH4Cl�Mn�OH �2

Mn�OH �2 � H2O24MnO2# �2H2O:

The colour intensity of manganese dioxide indicates
directly the locally transferred mass and can be evalu-

ated quantitatively by photometrical remission proces-
sing [17,18].
The mass rate transferred to the surface is described

by

_m a � ba�ra1 ÿ raw� �1�

for the condition that the reacting gas component is
added as a pulse�tn
t�0

_m a dt �
�tn
t�0

baraw dt with raw � 0 �2�

where�tn
t�0

_m a dt � b

is the `surface mass density' b, that means the total

amount of mass transferred to the unit area of the sur-
face. Integration of the right hand side of Eq. (2) gives

b � baMa= _V �3�
Fig. 2. Measuring tube for mass transfer (a ) and pressure

drop (b ).

Fig. 1. Internal con®guration of experimental heat exchanger.
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ba �
b _V

Ma

�4�

where VÇ is the constant air ¯ow rate and Ma the total

amount of gas added with the pulse. The problem of
determining local mass transfer is reduced to

. determining the total mass Ma of added gas;

. measuring of colour density distribution for evalu-
ation of surface mass density b; and

. coating any given surface with very thin layers,

which contain all surface side reaction components
and which remain wet even at very high velocity and
very thin-®lm thickness.

This mass transfer measuring technique is applicable
for both developable and undevelopable surfaces. It is
characterized by simple handling, good local accuracy

and high resolution. The reaction system is not toxic
in the used concentration, which makes the application
in open and closed wind tunnels on an industrial scale

possible [18]. This mass transfer measuring method
corresponds to an isothermal surface in the heat trans-

fer application. The analysis of the local or integral
heat and mass transfer at a single active tube at each
time has the big advantage that the boundary con-
ditions, especially the concentration or temperature, in

the ¯uid are exactly known. If the whole tube bundle
is active, the concentration or temperature in the ¯uid
cannot be exactly determined depending on the limited

mixing on the wake of the cylinders. Therefore, the de-
termination of local or integral heat and mass transfer
at a single tube in the tube heat exchanger allows a

more accurate access, as long as the ¯ow is not chan-
ged by the e�ects of free convection.
The conversion from mass transfer data into heat

transfer data is based on the extended Lewis analogy

Nu

Sh
� Prn1

Scn2
�5�

The exponents ni are in the range between (Pr 41)
0.33EnE0.5 (Pr4 0) for laminar boundary layers and
(Pr41) 0.33EnE1.0 (Pr4 0) for turbulent bound-

ary layers [17]. For the used mass transfer measuring
technique, the Schmidt number is Sc=0.616, and for

Fig. 3. Schematic diagram of experimental apparatus.

Table 1

Main dimensions and features of experimental heat exchanger

Item Dimensions and description (mm) Item Dimensions and description

Inside diameter of shell [Di] 290 Pitch ratio 1.26

Diameter of tubes [d ] 30 Ba�e type Double-segmental

Doughnut outer diameter [D1] 286 Number of tubes 37

Doughnut-hole diameter [Dc] 163 Ba�e spacing S 113

Disc diameter [Dd] 264 Tube arrangement Staggered
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Fig. 4. Visualization and distribution of local mass and heat transfer at the surface of the tube 1.1 for Re=8000.
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the heat transfer in air the Prandtl number is
Pr=0.712. As the Schmidt number here is close to the

Prandtl number, n1=n2=0.37 for laminar boundary
layers and n1=n2=0.6 for turbulent boundary layers,
the conversion equation for laminar as well as turbu-

lent boundary layers is then for Sc=0.61 and Pr=0.71

Nu � 1:07Sh �6�

The mass transfer measurements (Sherwood numbers)
have an uncertainty of about 23% depending on the

photometric measurements and calibration [17±19].
The uncertainty of the calculation of heat transfer
from mass transfer coe�cient using Eq. (6) is 22%.

This uncertainty includes that laminar and turbulent
boundary layers are handled with a mean factor of
1.07 instead of 1.05 for laminar, and 1.09 for turbulent

boundary layers.
The uncertainty on pressure coe�cients is about 5%

at low ¯ow velocity (Re<1000) and about 3% at high
¯ow velocity (Ree1000). Reynolds numbers are calcu-

lated with the volume ¯ow through a Bellmouth
intake, which has an uncertainty of22%.
The Reynolds number is de®ned according to VDI-

WaÈ rmeatlas [20]

Re � pd _V

2�1ÿ p=4a�DiSn
�7�

It should be noted that this de®nition is based on the
velocity in the cross-¯ow zone of the shell-and-tube

heat exchanger with single-segmental ba�es. For the
heat exchangers with double-segmental ba�es, the baf-

¯es split the ¯ow into two parallel streams which ¯ow
in a zigzag manner to the tube bundle. It therefore fol-
lows that for the same inlet volumetric ¯ow rate and

the same ba�e spacing, double-segmental ba�es will
give considerably lower velocity in the cross-¯ow zone
than single-segmental ba�es. In order to simplify the

comparison of the two ba�es types, this de®nition is
still used in this paper.

3. Results and discussion

3.1. Local mass and heat transfer

Fig. 4 shows a representative sample of the local

mass and heat transfer distribution at the surface of
the tube 1.1 for Re=8000. The photograph illustrates
the distribution of the local transferred mass. The cor-
responding distribution of the local heat transfer is

given at the bottom, where the axis X is the tube
length in the test section (third ba�e compartment
X=0±123 mm and fourth ba�e compartment

X=123±246 mm) and y-axis line is the angular lo-
cation as shown in this ®gure. From X=0±10 mm, the
local mass and heat transfer distribution in the ba�e-

tube clearance between the tube and a disc ba�e is
presented. The high local Nusselt numbers at X=0 mm
are due to the thin boundary layer in the annular ori-

Fig. 5. Longitudinal pro®les of local Nusselt number averaged over the tube circumference at tubes 1.1, 2.1, 3.1 and 4.1 for

Re=8000.
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®ce entrance. The lower mass and heat transfer behind

the disc ba�e (X=10±30 mm) reveals a stagnation

region. A similar distribution of the mass and heat

transfer as that from X=0±10 mm appears from

X=123±133 mm in the ba�e-tube clearance between

the tube and a doughnut ba�e. Behind the doughnut

ba�e (X=133±183 mm), there is a zone of separated

¯ow with lower mass and heat transfer coe�cients.

From X=183±246 mm, the ¯uid ¯ows across the tube,

where the front stagnation line with higher local mass

and heat transfer coe�cients at line 10 can be seen.

During the optimization of the heat exchangers

Fig. 7. Distribution of local mass and heat transfer at the tube 4.1.

Fig. 8. Averaged Nusselt number in the test ba�e compartments.
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with ba�es, improvement of the heat transfer and re-

duction of the fouling in the zone of separated ¯ow
should be considered. In this case, a detailed infor-

mation about the local heat transfer coe�cients and

about the ¯ow ®eld in the ba�e compartments is use-
ful. In Fig. 5, the pro®les of the Nusselt number

averaged over the tube circumference at tubes 1.1,

2.1, 3.1 and 4.1 show the size of the zone of separ-

ated ¯ow behind the disc-and-doughnut ba�es. The
tube length (x-axis) in this ®gure is de®ned as in Fig.

4. The ¯ow separation at the edge of the disc ba�e

results in a large zone of separated ¯ow which

increases from tube 1.1 to tube 4.1. The heat transfer
coe�cients there are obviously lower than in other

regions. Behind the doughnut ba�e, the weak recircu-

lation in the local separated ¯ow [21] is the reason

for the remarkable variation of the heat transfer at
tube 1.1 from X=133 mm to X=200 mm.

Fig. 6 shows the circumferential distribution of the

local Nusselt number averaged over each tube length

in the third (Fig. 6a) and the fourth ba�e compart-

ment (Fig. 6b) for Re=8000. Depending on the sym-
metric tube arrangement, only the distributions at the

tubes from rows 1±4 are given. The arrows in this

®gure identify the direction of the external ¯ow

through the tube bundle. The per-tube averaged
Nusselt numbers are also given in this ®gure. One

noteworthy feature in this ®gure is that the variation

of the per-tube averaged Nusselt number from tube to
tube is not noticeable, except the lower heat transfer at

tubes 3.1, 4.1 and 4.2 in Fig. 6a and at tube 4.1 in Fig.

6b. Another feature in this ®gure is the similar circum-

ferential distribution at the symmetric tubes, e.g. tubes
1.1 and 3.3, tubes 1.2 and 4.4, and tubes 2.1 and 3.2.

The similarity of the distribution at these symmetric

tubes in Fig. 6a depends on the strong recirculation

¯ow behind the disc ba�e [21], as also shown in Fig.
6b. The circumferential distributions of the heat trans-

fer in this ®gure also reveal the shellside ¯ow ®eld.

Fig. 7 shows the mass and heat transfer distribution

for Re=500±16,000 at tube 4.1 which is located in the

centre of the tube bundle. The ¯uid ¯ows over the
edge of the disc ba�e and is turned into the tube bun-

dle by the subsequent doughnut. It ¯ows almost paral-

lel to the tube bundle through the hole of the

doughnut ba�e and is then turned in the radial direc-
tion by the subsequent disc ba�e. The photograph of

the mass transfer distribution in Fig. 7a indicates that

Fig. 9. Pressure drop in two ba�e compartments.
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six longitudinal vortices (Taylor±Goertler vortices)
develop symmetrically around the tube. They corre-
spond to the six gaps formed by the adjacent six tubes

(see Fig. 1). These longitudinal vortices are destroyed
by the turbulence of higher Reynolds number
(Re>8000). It is worth noting, that the e�ective
Reynolds number, based on the local real ¯ow vel-

ocity, is much smaller. The pro®les of the Nusselt
number averaged over the tube circumference in Fig.
7b are almost parallel for Re=500±16,000. An excep-

tion is in the stagnation region behind the disc ba�e
(X=10±60 mm) where the heat transfer can be
obviously improved by an increase of the Reynolds

number, depending on the recirculation ¯ow.

3.2. Integral heat transfer and pressure drop

The averaged Nusselt numbers in the test ba�e com-

partments are plotted as a function of the Reynolds
number in Fig. 8. It is calculated for Re=1000 and
Re=8000 from the determined local heat transfer coef-

®cients at each tube of the tube bundle (an example is
presented in Fig. 6) and for the other Reynolds num-
bers from the values at four chosen representative

tubes 1.1, 2.1, 3.1 and 4.1. This ®gure shows a good
agreement between the results in this investigation and
the predicted values according to Donohue [1,22,23].

The Reynolds number de®ned by Donohue is con-
verted.

For comparison of the e�ectiveness of heat transfer
to pressure drop for di�erent ba�e types, Figs. 8 and
9 give the per-compartment averaged heat transfers

and the pressure drop in two ba�e compartments
(Fig. 3) in the shellside of the heat exchangers, which

have the same internal con®guration, with the excep-
tion of the ba�e type [10±12]. For the same Reynolds
number, they have the same inlet volumetric ¯ow rate.

The heat transfer for disc-and-doughnut ba�es is
about 78% of that for single-segmental ba�es as
shown in Fig. 8, because of the lower ¯ow velocity for

disc-and-doughnut ba�es. The pressure drop for disc-
and-doughnut ba�es is however only about 55% of

Fig. 10. Ratio of heat transfer to pressure drop.
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that for single-segmental ba�es. The ratio of the per-

compartment averaged heat transfer to the pressure

drop for the two ba�e types is plotted as a function of

the Reynolds number in Fig. 10. The e�ectiveness of

the heat exchanger with disc-and-doughnut ba�es is

obviously higher than that for single-segmental ba�es.

This result agrees with the reports from Donohue [1]

and Sharif [16].

3.3. Flow distribution

The ¯uid velocity u0 through either the ba�e-shell

Fig. 11. Flow distribution relative to the inlet volumetric ¯ow rate for Re=8000.
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clearance or the ba�e-tube clearance can be calculated
from

u0 �
������������
2DP2

rz0

s
�8�

if the pressure drop DP2 due to ¯ow through these
clearances and the pressure drop coe�cient z0 are
known. According to Kukral [9], z0 depends primarily
on the ori®ce Reynolds number Re0 and the ori®ce

shape factor Z

z0 � f �Re0,Z � �9�

Re0 � w0�Dÿ d �=n �10�

Z � 2d=�Dÿ d �, �11�

where D and d denote outer and inner diameter of the
annular ori®ces in a plate of thickness d. By this inves-
tigation, the pressure drop in the ba�e-shell and baf-

¯e-tube clearances is measured.
In Fig. 11 the local percentages of the main stream

and of the leakage streams are given relative to the

inlet volume ¯ow rate for single-segmental ba�es [13]
and disc-and-doughnut ba�es. In the heat exchanges
with disc-and-doughnut ba�es the ba�e-shell leakage
exists only in the clearances between the shell and the

doughnut ba�es. This leakage gives almost no contri-
bution to heat transfer [12]. The percentage of the baf-
¯e-shell leakage for single-segmental ba�e is twice the

value of that for disc-and-doughnut ba�es for
Re=8000. The percentage of the main stream for
single-segmental ba�es is therefore lower than that for

disc-and-doughnut ba�es. This is one of the reasons
why the disc-and-doughnut ba�es have a higher e�ec-
tiveness of heat transfer to pressure drop than single-

segmental ba�es.

4. Conclusions

A mass transfer measuring technique is used in this
investigation to visualize and determine the shellside
distribution of the heat transfer coe�cients at each
tube surface in two representative ba�e compartments

of a shell-and-tube heat exchanger with disc-and-
doughnut ba�es, which reveals the ¯ow ®eld, particu-
larly the size of the stagnation behind the ba�es. The

low heat transfer in this stagnation region can be con-
siderably improved through the recirculating ¯ow for
high Reynolds number. Longitudinal vortices (Taylor±

Goertler vortices) are observed in the centre of the
tube bundle for Re=500±16,000. The disc-and-dough-
nut ba�es have a higher e�ectiveness of heat transfer

to pressure drop than single-segmental ba�es because
of partly a lower percentage of ba�e-shell leakage.

The detailed knowledge about the shellside local heat
transfer coe�cients and about the ¯ow distribution
provided in this investigation allows a further improve-

ment of the shell-and-tube heat exchangers.
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