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LOCAL SHELL-SIDE HEAT TBANSFER COEFFICIENTS
IN THE VICINITY OF BAFFLES IN
TUBULAR HEAT EXCHANGERS

SECTION I
INTRODUCTION

Heat transfer is an important unit operation in most
industrial processes and in mogt cases heat must be trans-
ferred from one flowing fluid to another. For this
vurpose baffled heat exchangers are commonly used., In de-
signing heat exchangers the engineer encounters 4diffi-
culty in shell-side heat transfer coefficients owing to
shortage of fundamental information on the fluid flow
patterns and their assoclated effect on heat transfer
rates., The avallable information concerns average or
overall values useful for the design of similar heat
exchangers but becomes insufficlent to design a complete-
ly new type. In other words, very little of the dyna-
mics of the fluid or the heat is known so that a more
fundamental approach to the design problem, other than
the empirical method is not possible,

The shell-gside heat transfer coefficient depends
on the geometry and dimensions of the exchanger such

as baffle type, baffle spacing, baffle size, tube size,



tube spacing and the various clearances between the
parts of the exchanger. The most common type of baffle
is the segmental baffle or half moon baffle with a
baffle cut of 25 per cent of baffle diameter. Other
types of baffles are the orifice baffle and the disk and
doughnut baffle.

A decrease 1ln baffle spacing causes an increase in
the local velooities and the number of passes across the
tube bank and consequently the heat transfer coefficients
increased., Effect of tube size and tube spacing are dif-
ficult to separate as the effectiveness of a tube is
dependent on the clearance between the tubes. For the
same size tubes an increase in tube spacing causes the
heat transfer rate to increase. An increase in the
clearance between the shell and baffle and between tube
and baffle decreases the heat transfer rate. Some
exploratory research with a view to investigate these
effects and to detect the flow pattern by evaluating the
local heat transfer rates was done by Ambrose (1,p.1-183).
This work showed that addition of baffles and an incorease
of tube spacing both caused an increase in heat transfer
rate. Between the baffles, a cross flow, longitudinal
and eddy flow zone were detected., The effect of baffles

wag conclusively demonstrated along a tube in the
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exchanger by the large values in the baffle holes and

moderate values in the baffle window,

The present investigation was undertaken to confirm
the findings of Ambrose (1,p.1l14) and to make a more
thorough study of the variation of heat transfer rates
along the tubes. The work was done with the same
apparatus as Ambrose used. Iocal heat transfer rates
for two baffle spacings and three flow rates were studied
between the central two baffles and three fourth inch inter-
vals.

From this study it was possible 1) to correlate the
results with literature values, 2) to compare with the
results of Ambrose (1l,p.114), 3) to study the effect of
baffle spacing, 4) to study the effect of flow rate,

5) to detect the flow pattern on the shell-side of the
model heat exchanger by studying the varliation of heat
transfer rates around and along the tubes. To make the
results more easily interpreted, the data are presented

in picture form.



SECTION II

REVIEW OF LITERATURE

The unit operation of heat transfer 1is encountered

in most industrial processges and has been investigated

extensively by engineers and scientists alike., The

mechaniegm of heat transfer is fairly well known bub

g8till there are many aspects of it that need further

8 tudy .

There are three ways to transfer heat: Conduction,

convection and radiation, Of these convection is most

important for transfer of heat between two fluids.

The rate of heat transfer by conduction is

proportional to the surface area and the temperature

gradient.
where
qQ =
A =
t =
k =

4 = k AAt (1)

rate of heat transfer
area transferring heat
temperature gradient

proportionality constant

This proportionality constant for this equation is

the thermal condvotivity k. This can also be thought

of as a meagsure of the resistance to flow of heat.



The rate of heat transfer by convection is
proportional to the surface area and to the temperature

difference between the surface and the bulk of the

fluid.
q = h A (ts- tf)
where
q = ©rate of heat transfer
A = area transferring heat
(tg= to) =  temperature difference between surface

and {luid

h = proportionality constant

This proportionality constant is called the heat
transfer coefficient and this equatlion is analogous
to the equation for conduction.

The rate of heat transfer by radiation is propor-
tional to the surface area and to the fourth power of
the temperature. The heat transfer equation 1s also
analogous to the other two equations discussed above.

Foroced convection is widely employed in
industrial processes where heat must be transferred
from one fluid to the other, Heat exchangers are
used for this purpose.

In forced convection the resistance to heat



flow ie greatly influenced by the flow characteristiecs
of the system, For this reason the mechanism of fluild
flow close to a heating or cooling surface is of

primary importance from a heat transmigsion standpoint.

As a fluid in turbulent motion flows past a solid
boundary three types of flow occur near the boundary, the
layer in direct contact with the surface is in lanminar mo-
tion. It is called the laminar sublayer. Evidence of
existence of this layer was demonstrated by Couch and
Herrstrom (*) by an undisturbed color band at the surface.,
Bordering the laminar sublayer is a buffer zone consisting
of both laminar and turbulent flow, It is a general
belief that the thickness of the buffer layer varies with
time because of the more or less periodlc formation of
vortices ( 22, p. 152). Beyond the buffer zone the flow
is turbulent and is characterized by a flow stream made
up of a large number of eddies and of partiocles in
chaotic motion.

Transference of heat takes place from the surface to
the laminar layer by molecular conduction, In the buffer
zone and turbulent core, heat is transferred mainly by
mixing of the particles with molecular conduction playing
a very minor role, The laminar layer therefore offers
the major resistance to flow of héat. The resistance of

the buffer layer varies inversely as the turbulence.

* Cuoted in MeAdame (22, P. 152)



The bulk stream has very little resistance. To 1n5rease
the heat trangfer rate the thickness of the laminar
layer is reduced by increasing the bulk fluid velocity

or turbulence.

1. Heat Transfer Normal to Single Cylinders

The variation of tube to fluld heat transfer coeffi-
cients around a single cylinder tube placed normal to a
flowing stream has been studied at lenmgth (13, p. 375-381),
(37, pe 1-79), (31, p. 177-180), and (36, p. 1087-1093).
A comparison of the data obtained by these investigators
is in generally in agreement, A plot of the Nusselt
number E%" versus the angle measured from the leading
edge gives two types of curves. In one type of curve the
Nusselt number decreases from the leading edge to a
minimum in the range of 80 to 105 degrees and then in-
creases again. In the other type, the variation of the
Nusegelt number is similar except that it shows two mini-
mams, one in the 80 to 105 degrees range and another at
130 degrees. The second type curve occurs at a Reynolds
number of 5 X 10“ at low turbulence or beyond 5 x 104 at
high turbulence.

A laminar boundary layer forms on the cylinder at
the leading edge and increages in thickness up to 80 or

105 degrees, In this vicinity the boundary layer
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separates causing & minimum Nusselt number. In the second

type of curve at high Renolds numbers and high turbulence
the boundary layer becomes turbulent before it separates.
The first minimum is the point of transition of laminar
to turbulent flow in the boundary later. The second mini-
mum is the point of separation.

Levy (21, p. 341-348) has calculated local heat trans-
fer coefficients along submerged bodies in terms of several
parameters for specific Prandtl numbers., The following
empirical relationship has)been obtained from the data of
Schmidt and Wemner (26, p. 1-15) for ths prediction of
local Nusselt numbers around cylindrical tubes in cross
flow,

M= 1.1 (Re)°* (pr)°” [1-(@%\3:) e (3)
where

Nu = Nusselt number

Re = Reynolds number

Pr = Prandtl number

& =the angle measured from the leading edge

This equation holds for angles up to 80 degrees and

Reynolds numbers less than 5 X 105.

2. Heat Iransfer Normal f£o Tube Banke

Congiderable research has been done in order to

understand the mechanism of heat transfer and flow of
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fluids across banks of tubes. Common variables affecting

the rate of heat tranefer are tube size, tube spacing,
tube arrangement, types of fluid and fluid flow rate.
Usually the tubes are arranged in one of two ways:

(1) square or inline pitch, or (2) triangular or stag-
gered pitech,

The staggered arrangement gives substantially higher
heat transfer coefficlents than the inline arrangement
(22, p, 271) as demonstrated by the investigators of
Bergelin, et al. (2, p. 955), (17, p. 387-896),

(14, p. 583-594), (30, p. 11-20), (11, p. 1-15). The
results of these workers indicate that the first row of
tubes has a Nussgelt number which is about 40 per cent
below the average for the whole bank, The Nusselt num-
ber increases from the first row to a maximum at the third
row, decreases slightly at the fourth row and stays

essentially constant for all following rows,

3. Baffled Tubular Heat Exchangers

Baffled tubular heat exchangere re widely used in
industry where heat transfer by forced convection between
two fluide is desired. ©Such exchangers consist of a tube
bundle loented inside a shell, with one fluld flowlng in-
gide and the other flowing acrosgs the tubes. In the de-

gign of a heat exchanger it is necessary to know the



various resistances to heat flow the effect of

structural features and dynamicsg of flow of the fluids.

(a) Resistance fo Heat Flow in Heat Exchangers

Fourier's law (12) for unidirectional conduction of

heat states mathematically

dgq - kA 4t (4)
ae . dx

where

dg - differential rate of heat transfer per time

ae
k = thermal conductivity
A = area of heat trangfer

dt . temperature gradient along the path of heat

e e

ax
transgfer

For steady state, the equation becomes

da - - k at (5)
dAa dx

on integrating it becomes

a £ _ At (6)
I;ki\m - B
therefore
- X (7)
R KkKApg
where
R = the resistance

>
1]

mean area

10
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For the case of convection the heat transfer equation

ig modified as
hid &% (8)

£
u

where
h = Coefficient of heat transfer from surface to fluild

S0 the resistance R in this case will be

&  hA (9)

These reciprocal resistances or conductances are additive.

Considering that the heat ig flowing from the shell-
gide fluid to the fluid inside the tubes, the following
resistances are encountered: Shell-side film (laminar
layer close to the tube surface); Shell-side deposit or
gcale; mebal tube; and the tube side film. When the
thickness of the tube is small conpared to its diameter,

the following equation may be derived as described above

. ! X 1 1 (10)
%' Aghg +.Ashds * AgvKy i Aghgg +r5tht

where

hg = film heat transfer coefficient of shell-side fluid
hgg = scale deposit heat transfer coefficient on shell-
glde of tube
X, = thickness of tube wall
k,, = thernal conductivity of tube material
he = film heat transfer coefficient of tube fluid
hgt = Bcale deposit heat transfer coefficlient inside

tube



Ag = shell-side area
Ag = tube side area
Agy - average of tube and shell-side area

Registances due to the scales and the tube materials
gan be evaluated simply. The film heat transfer coeffie
cients for flulds inside tubes can be evaluated from a
Colburn type equation (5). This is also given in
MeAdams (22, p. 219).

hday _ 0,023 gﬁ)o.e Cp m o (11)
A - Tk

where
h = the film heat transfer coefficlent Btu/hr, ft2

d4 = the inside dlameter of tube in ft,

k

the thermal conductivity of the fluid
Btu/hr. (8a. f£t.)(deg F per 7t)
G = the mass veloecity 1b/hr. (sq. ft)
the viscosity 1b/hr.ft.
cp==the gpecific heat of the fluild Btu/lb, deg F.

Evaluation of the shell-side heat transfer coeffi-
clents ie difficult because of the complexity of the
flow pattern on the shell-slde., Most data have been

correlated by means of empirical eguations for a

iz

limited number of exchangers variables, as outlined bhelow,
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(b) Effects of Shell-Side Geometry on the Shell- ’

£ide Heat Trensfer Rates

The shell-side heat transfer coeffilclient for a heat
exchanger depends on the geometry of the exchanger and the
properties of the fluid, Variables desoribingthe geometry
are baffle type, baffle spacing, baffle size, tube spacing
and the various clearances between the parts of the heat
exchanger.

The types of baffles commonly used are segmental or
half-moon baffles, orifice baffles and disk and doughnut
baffles, The segmental bhaffle is the most widely used.
For this type of baffle the haffle cut is generally 25 per
cent of the inside diameter of the shell. For the same heat
transfer rate the uressure drop increases in the following
order: disk and doughnut baffle, segnental baffle and the
orifice baffle,

Any geometry change which allowe the fluld to mix more
thoroughly after passing over the heat transfer surface
causes an increase in the heat transfer rate., The time
required for the flow to progress from one heating surface
to the next is referred to as the mixing time,

For a siven length of exchanger and a glven rate of
flow a decrsase in baffle spacing increases the heat
transfer rate for all the three types of baffles, This
is confirmed for the segmental baffle case by the
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investigations of Ambrose ( 1, p. 95). This increase in

heat transfer rate ig attributed to hicher local velocities
and larger number of passes across the tube bank which more
than offset the drop of heat transfer due to decreased mix-
ing time,

A smaller baffle cut in the gegmental baffle inscreases
the velocity through the baffle window and also extends
the length of cross flow across the bank, This increases
the heat transfer coefflcient. Donohue (8, p. 2503) Flot-
ted the dxta of both Short (28, p. 55) and Tinker (33, p. 97-
103) for segmental baffles having varying depths of cuts and
found that the rate of heat transfer does increase with de-
creasing baffle cut.

The effect of tube size and tube spacing are difficult
to separate as the effectiveness of a tube is dependent on
the clearance between tubes, For constant tube clearance and
local velocity, a reduction in the tube size results in the
increase of heat transfer rate. An increase in the tube
spacing also causes an incréaae in the heat transfer rate
( 27, pe 779-785) and ( 1, p. 99).

The mechanical clearances between the component parts
of the exchanger significantly affect the heat transfer
rates. BReduction of clearances increase the heat transfer
rate but also increase the pressure drop across the ex-

changer, For an economical design optimum clearances
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should be determined to keep the heat transfer rate at a

maximum and the power cost at 2 minimum., The effect of
clearances on the heat transfer rate depends on the flow
pattern and fluid leakage in the clearance, The gignifi-
cant clearances in a heat exchanger are:

s The baffle cut or baffle window, the major zone

of leakage.

2. The clearance between tube and baffle holes,

3. The olearance between tube bundle and shell.

4, The clearance between baffle and chell.

Be The space bhetween tubes.

6. The space in the unbaffled end zones.

The above clearances are often determined from
consideration of factors such as thermal, corrosive, and
fouling characteristics of the fluid to be handled; de-
gign pressures; means of providing expansion; structural
strengths of materials, costs, machinabilitlies, etc.

They are necessary and cause inevitable leakage. It can
be stated in general that an increase in the clearance
decreases the heat transfer rate and vice-versa except for
the clearance between tubes which shows an opposite tenden-
oy. These facts are substantiated by the investigations of
Donohue (8, p. 2509), Perrone (25, p. 71-72), Tinker

(34, p. 110~115) and Ambrose (1, p. 115).
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(e) Analysis of Shell-cide Flow

Flow on the shell-slde of a heat ezchanger is
highly complicated., OSeveral workers have attempted
to analyze the problem dividing the ghell-cide into dif-
ferent types of flow zones, Most workers consider only
a two-dimensional flow pattern on a central longitudinal
cross section of the exchanger and assume the same
pattern in a perpendicular direction but there appears to
be a pattern in the perpendicular direction also as can
be expected in any three-dimensional flow,

Donome (8, p. 2499-2511) considered the flow in
a baffle space in two parts, flow through the baffle
window as longitudinal and flow acroegs the tube bundle
as cross-flow, This division is shown in Figure 1.

A ig the longitudiinal flow zone and B and C represent
the cross-flow zone.

Perrone (25, p. 71-72) made the same division but
considered the cross-flow distance to be between the
center of gravity of the baffle window and the center of
gravity of the next vaffle window.

Gupta and Katz (16, p. 998-999) divided the flow in
a baffle space into three partes A, B, and C as shown in
Flgure 1, A is the longitudinal flow zone; B is the eddy

flow zone; and C is the true cross«{low zone. These

zones were determined by a visual study of colored
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polystyrene beads in the sghell side fluild of glass heat

exchanger. This exchanger has no clearance bhetween tubes
and baffleg or between baffles and shell,

Gunter, Semnstrom and XKopp (15) show the flow patterns
for flow past solid baffles of varying heights and
spacings. These patterns were obtained by observation
of fine aluminum powder on the surface of the fluld in a
two-dimensional system of baffles and exchanger. Even
in this case there are ho clearances other than the baffle
window, The eddy zones are easily discernible in the
patterns,

Tinker (32, p. 89-96), (33, p. 97-109), (34, p. 110~
116) has made a more detalled analysis of the shell-side
flow, He has taken the leakages due to the various clear-
ances also into consideration. The flow pattern is
significantly affected by clearances. He divides the flow
into five zones:

P A cross-flow stream through the tube bundle,

24 Orifice leakages through the tube holes.

3e Parallel flow throuzh baffle windows,

b, Flow in regions of transition between parallel

and cross-flow,

5« By-pass streams around the tube bundle,

These streame are affected by the various clearances
between the heat exchanger components, and consequently

the heat transfer rates are affected. An increase in the



tube hole clearance of 1/64 inch results in a reduction AP

of the crosg-flow heat transfer coefflcient by 10 per
cent, Tinker (34, p. 110). An increase of 1/16 inch
of clearance reduces the coefficient by 8 per cent,
This however 18 mors for gmaller eichangers than large
ones,

Complete elimination of sghell to tube bundle
clearance can result in an increase of cross-flow heat
transfer coefficlent by as much as 40 per cent, Tinker
(34, pe 111).

It is interesting to note that the pressure drop is
reduced by increasing the various clearances and the
power requirement is lower but for a given heat transfer
rate the power requirement for an exchanger with less
clearances is less than the exchanger with more clear-
ances,

(d) ghell-Side Heat Iransfer Coeffioients

All the data on shell-sgide heat transfer have been
correlated empirically since the complexity of the flow
pattern and paucity of fundamental knowledge of the flow
pattern precludes an snalytical solution. However if
more information on the actual dynamics of the flow is
obtained it might be possible to obtain an analytical
golution,

The method of correlation depends on modifying the
mass veloclity of the flow of fluid through the exchanger.



Various investicators have adopted different methods., 20
Donohue (8, p. 2502) determined a weighted mass
velocity by taking the geometrlic mean of the cross-flow
mags velocity and the longitudinal mass veloclty through
the baffle window,
Donohue (8, p. 2504) proposed the followlng equation

for tubular heat exchangers:
hd . 0.25 (_fi_f}_q 0.6 (CE/) 0.33 / _at \ 0.4 (12)
S ‘ .

where

h = heat transfer coefficient, Btu/hr. ft.> OF

o
i

outside dianeter of tube, ft.

W
"

thermal conductivity of shell-side fluid,
Btu/hr. ft.2 COF/ft.

. weighted mass veloocity W ip/hr. £6.°

TR

= mass rate of flow, lb/hr,

. baffle window area, £t.2

Ue
W
A4 - cross-flow area, £t,2
_ = average viscosity of shell fluid, 1b/hr, ft.
M, ® viscosity of shell fluid at heat exchange surface,
1b/hr, ft.
)

¢. = specific heat, Btu/lb. P,

Williams and Katz (35, p. 26), Bergelin, et al.
(3, p. 841) and Amorose (1, p. 89-94) used the same type
of analysis in their correlation work.

Short (28, p. 6) used an average mass velocity which
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congisted of three egqually weighted parts:

1, Mass velocity through the baffles,

2, Mags veloeity through minimum area perpendicular
to tubes,

3. M%ss velocity through the maximum area perpen-
diocular to tubes.

He used the following equation for segmental baffled

exchangers:

1. 15.8 (ggfu__>°-32 (%d) 0.5 [a&s (%)1.72] 0.6
(0 @]

P : tube pitch, ft.

where

Gy =mass flow rate in shell without baffles,

1/nr, 5.2
L = active length of exchanger, Tt,
B : baffle height, ft.

8 = baffle spacing, ft,
and the rest have the usual significance,

Kern (18, p. 137) hae used the equation

hoDe _ 0,36 [ DeS \0+55 (M) 1/3 {_u__)o.u;. (14)
k i (;/“‘ ) k (;btw
where

ho = heat transfer coefficient for outside fluid,
Btu/hr, ft.%2 OF,
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Dg = equivalent diameter for heat transfer and pressure

drop, ft.
k = thermal conductivity, Btu/hr, ft.z °r/f%.
Gg = shell-eide mass velocity, 1lb/hr. ft.2

M= viscosity, 1b/hr, Tt,

/4§:.visoosity at tube-wall temperature, 1lb/hr. ft.

M= viscosity, 1lb/hr. ft.

¢ : specifie heat of fluid, Btu/lb. °F.
He indicates that a plot of the above equation for the
test data of Breidenbach and 0'Connell (4, p. 761-776)
agrees very well with the methods of Colburn (5, p. 174~
210) and Short (27, 779-785). Tinker (32, p. 89-96)
avaluated the effective area of flow by using correction
factors., This effective area was used to calculate the
effective Reynolds number. A croes-flow coefflcient was
calculated by multiplying the total heat transfer coef-
ficient by the effective area, This oross-flow coeffi-
cient was used in the calculation of the Nusselt humber,
He made a2 log-log plot of the dimensionless term
Nu(Pr)-l/3<Eﬁ;L)'o‘lu versue the effective Reynolds
number and obtgined a good correlation for 1l different
baffled oil coolers.

It can he seen in all these correlations that the
average gshell-side heat transfer coefficients are

evaluated from experimental data and use is made of a

modified mass velocity to correlate them but this approach
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nothing about the actual dynamics of heat or fluid flow,

Hence, i1t is apparent that more knowledge of the flow

pattern and ites effect on the local heat transfer rates
is necessary to make a more fundamental approach to this
problem, Ambrose (1) made a step in this direction but

extensive work needs to be done.

L, DMethods of Determining Local Heat Transfer
Coefficients

Several methods have been used to determine local
heat transfer coefficlents, each of which has some advan-
tages and some disadvantages, Of the several methods
mention may be made of Thomson, gt al. (31, p. 177-178),
Schmidt snd Wenner (26, p., 2-4), Zapp (37, p. 23-26),
Dwyer, et al. (11, p. 5=7), Geidt (13, p. 375-377), and
the sublimation of naphthalene method. A detalled
discussion of these methods was made by Ambrose
(1, pe 26-31) and he came to the conclusion that Geidt's
method is very well suited to this type of study on the
following considerations:

b N Abllity to measure temperatures at close inter-

vale is necessary.

24 Necegsity of an 1sothermal surface 1is not

desirable.

Be Bagsy transference of the measuring device from
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position to position and maintenance of the
shape of the device are desirable.
4, A short response time is a necessary feature.
These considerations were very well satisfied by the re-

sistance heating technique used by Geldt (13, p. 376-377).
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SECTION III

EXPERIMENTAL EQUIPMENT

The heat exchanger apparatus shown in Figure 2, was
fabricated and used by Ambrose., The same apparatus was
used in the present work, It consisted mainly of a
model heat exchanger, a sensing probe, a direct current
power source, an emf measuring arrangement and an alr

source.

1. The Model Heat Exchanger

The exchanger was 45-inches long. The six-inch
diameter shell was made of lucite plastic tube. The
tube bundle was made up of fourteen one-inch zluminum
condenser tubes, steel tie-rods, and plastic baffles and
tube sheets. Flgure 3 shows the tube bundle. The shell
had an entrance and an exit for air at right angles to
the axis of the exchanger. The baffles were 1/8-inch
thick plastic sheets. The dimensions of the shell, tubes

and baffles are shown in Table j ¥

2., The tensing Probe
The sensing probe could measure the temperature at
any point along or around a tube, from which measurements

the local heat transfer coefficients could be salculated.



TABIE I

Dimensions of Heat Exchanger
Exchanger Shell
Inside diameter 54710
Outside diameter 54937
Length 45,00
Baffles
Baffle diameter 5.594
Height at Cut 4,290
Drilled Holes 1,063
Tubes

Outeide Diameter | 1.000
Drilled Holes

Tube Holes in Tube Sheets 1.000
Tie-Rod Holes 3/16
Flange-Tube Sheet Bolt Holes 1/4

Components

- 0,03 inches

= 0,03 inches
inches

0,002 inches

0.002 inches

04010 inches

- 0,001 inches

04003 inches
inch
inch

26
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The probe could be moved from one location to the other,
Three one-inch wide by 0,002 inch thick pleces of
Trophet C resistance ribbons were wrapped around a
plastic bar as shown in Figure 4, The Trophet C resis-
tance ribbon had a resistance of 0,271 ohm per foot and
a thermal conductivity of 7.63 Btu/Hr. Ft.2 Op/rt.
Electric power was supplied to these ribbons by copper
bars which also held them in position. Seven iron-constan-
tan thermocouples were located in a groove under the
center ribbon and insulated from the ribbon by a layer of
"Saran Wrap", Thermocouple leads entered from a multinple
Junction selector switch at the upstream end and the
power leads from the ovposite end. The probe was sup-
ported between two pleces of aluminum condenser tubing
with plastic adopters, A-~C power was supplied to the
ribbons after stabilizing by a Raytheon voltage stabili-
zer and converted to D-C power by a Selenium rectifiler,
A wiring diagram of power supply is shown in Figure 5.
The current flowing in the circult was measured,by a
Heston ammeter., The emf developed due to temperature
difference between the 7 hot Jjunctions and one.hot
Junction in the flowing air and a reference cold
junction were measured with a Leeds and Northrup preci-
sion potentiometer. Values were read to 0,001 millivolts,
The thermocouple connections and the wiring diagram are

ghown in Figure 6.
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3« The Alr Source and Cooling System

A Roots~type blower rated at 280 cubic feet per minute
at 3% psig was used to pump the alr which was used as the
shell-side fluid. ‘The air flow eysten 1s shown in Figure
7+« Alr from the blower passes through two coolers, a
calming section on to an orifice meter ard into the exe
changer, It is discharged through a muffler into the
atmosphere, Valves are provided to control and bypass
the air flow in the exchanger. Two manometers for the
orifice and another for measuring the pressure drop
across the exchanger were used. The two manometers for
the orifice were connected in parallel and had liquids
of densities 0,830 and 2,948 to fecilitate nmore acouracy
in measuring low and high rates of flow respectively.

Two pressure gauges, one before the orifice and another
before the exchanger were used to permit caleulation of
the flow rate,

More constructional details of the apparatus are

given by Ambrose (1,p.32-56).
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SECTION IV
EXPERIMENTAL PROGRAM

An understanding of the dynamice of the fluid flow
and the heat transfer being the chief aim of the
investigation, it was decided to restrict the study to
the space between the two central baffles., Also only
one tube spacing of 1 1/4-inch triangular pitch for a
fourteen tube bundle was studied. This area willl be

hereafter referred to as the central chamber.

1. Investigation Positions

To obtain a detailed picture, local heat transfer
coefficients on each tube of the fourteen tube bundle
were determined at three quarters of an inch intervals
for the entire central chamber for two baffle spacings
of 6.43 and 4.09 inches and three flow rates of 60, 90,
and 120 cublie feet per minute, The intervals were smaller
in the vicinity of baffles since a sudden drop of heat
transfer rate was expected. The baffle spacings and the
positions investigated are shown in Table 2. Also
Figures 12, 13, 14, 15, 16, and 17 show the positions
investigated and the local heat transfer data at those

cross sections.



2, Baffle Spacings ¥
Two haffle arrangements with six and ten baffles were
deemed sufficient to confirm the findings of
Ambrose (1, p. 114) as to the effect of baffle spacing.
To facilitate a closer examination without involving
too much of work, the short spacings of 6,43 and 4,09 inches
were chosen. Detalls of these arrangements are shown in

Table 2.
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Baffle Arrangement in Model-Heat Exchanger

Baffle Spacing
Number of  Number of Baffle Spacing Distance Between
Tubes Baffles inches Baffles - inches
14 6 6.43 6,30
14 10 4,09 3497
Investigation Positions
Investigation Distance Measured Fron
Position Number The Upstream End--inches

6 Baffles 10 Baffles

1 19.29 20,45
2 19.50 21.00
3 20,25 2175
b 21.00 22,50
5 21.75 23.25
6 22.50 2k, 00
7 23425 24,55
8 24,00
9 2k, 75
10 25450
11 25.72
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To get a sufficiently wide range of Reynolds numbers
three flow rates were selected: 60 c¢fm. 90 efm. and
120 efm. £ixty cuble feet per minute was found to be the
minimum rate of flow to assure sufficlent turbulence and
to provide a comparison between the measurements made by
Ambrose ( 1, p. 66), since a majority of his data were for
a flow rate of sixty cublic feet per minute. Flow rate
higher than 120 cubic feet per minute were found to result
in excessive leakage at the Jjoints in the exchanger and
also in the alr cooling coils which could go unnoticed
resulting in erroneous results. This range of flow rates

provided a Reynolds number range from 10,000 to 26,000,

4. Thermocounle and Tube Numbering System

The method of thermocouple numbering was the same as
that of Ambrose (1, p. 59), Tube numbering and thermo-
couple numbering arrangements are shown in Figure 11,
The thermocouples are numbered anticlockwise from an
arbitrary line on the air exit side of the exchanger.
Positions on the tubes were indicated by the angle mea-
sured from a point on the tube on the exit side of the
exchanger, The tube diameter drawn along this point is
parrallel to the plane passing through the axis of the

entrance and the exit of the exchanger, The first
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junction is located at 22 1/2° and succeeding junctions at

0
intervals of 45 , The seventh junction ie located at

292 1/2°. Tube numbering is different from that of
Ambrose ( 1, p. 59).
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SECTION V

EXPERIMENTAL PROCEDURE

The procedures adopted in the present study and by

Ambrose (1, p. 67) were the same. The steps performed

in operating the equipment and recording the data are

listed below in order.

A, Several preliminary preparations were made be-

fore starting the equipment.

1.

2,

e

Ice was placed in the thermos bottle and

the cold Jjunction of the thermocouple was
well submerged in it,

The potentiometer was balanced against the
internal standard cell.

The sensing probe was placed in the first
tube location and the firet position to be
studled. The position of the probe was
adjusted by noting the figures marked along
a horizontal line marked on the probe.

For example the first position in the 6 baffle
case was 19.29 inches from the upstream end.
The mark on the probe read 19,29 inches from
the upstream end, The mark on the probe read
19,29 0,75 inches. Another check was to see

whether the center of the central ribbon was



B.

5

7.

blk
on the baffle or not. The same test was ap-
plied in the last investigation also.
The tube position, number of baffles, flow
orifice size and the barometric pressure
were recorded.
Temperature of the air was measured by a
thermometer and the measurements of the
millivolt readings of the potentiometer
checked,
The water was opened allowing cooling water to
flow through the air coolers,
The bypass valve was completely opened and the

heat exchanger valve closed,

After all the preliminary operations the following

were carried oub:

1.

The blower wag started and the rate of flow of
air into the exchanger regulated by the control
valves.

The electrical switches were all turned on.

The ribbon temperature was allowed to come to
equilibrium and the emf across each thermo-
couple was measured with the potentiometer.
Generally it took between five and ten minutes
to reach equilibrium. The millivolt readings

of the seven probe thermocouples and one air
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thermocouple were read and recorded., The mea=

surements were checked again after two minutes,
If they 414 not change they were finalised, If
they changed the measurements were started over
again,

4, The ammeter was read and recorded,

5. The pressure drop and flow manometers were read
and recorded.

6. The pressures at the upstream side of the
orifice and the heat exchanger were read and
recorded,

At the completion of the operations in part B, the

pogition of the sensing probe was changed and the

procedure from B3 to B6 repeated for this new
position. The adjustment of the probe position was
done as described under A-3, Eleven posltions in
the case of 6 baffles and 7 positions in the case
of 10 baffles were studled,

When all the positions were completed,

1, The power supply was shut off,

2. The ailr blower was turned off and

3. The orifice was changed for the next desired
flow rate. For the three flow rates of sixty,

ninety, and one hundred and twenty cubic feet
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per minute, orifices of size 1 inch, 1,25 inches
and 1.5 inches respectively were used.

The same procedure from B-l to D=3 was repeated for

all the three flow rates,



SECTION VI
CALCULATION OF DATA

A general expresgsion for calculating the heat trans-
fer coefficient from measured temperatures is developed
by making an energy balance around a differential length
of resistance ribbon shown in Figure 8. The energy
balance is as follows:

(heat conducted in) + (heat generated) = (heat convected
to fluid) + (heat radiated to surroundings)+ (heat con-
ducted into plastic cylinder).

. Writing this in symbol form and simplifying gives

A%R 4 Kz 8% _ _red . _ooma
h w Wy ae2 A A

t - ty

1

The radiation and the conduction terme are very small
compared to the other terms in most of the cases and
could be neglected without introducing any serious error.
- These assumptions are in agreement with other investiga-
tors who have used this method.

Substituting the numerical constante, the equation

2 2¢ )
11.10 1% + 2404 %‘KZ“
t - &

becomes

h =

a
This equation was used to calculate the local heat

tranafer coefficients from observed data, The second
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derivative of the temperature with resvect to angle was
evaluated using a Mlne three point method (24),

The aotusl ocaloulation of the looal heat transfer coef-
fiolents was perforaed on an Alwao IIX ¥ digital

. somputer, ‘he program used is included in the appendix,

An average heat transfer ocosffiolent wme evaluated at
eadh position from the arithuetio average of the loocal
coefficients around the elrocumference of the tube,
A Husselt pumber for each position was ocaloulated using
thies average heat transfer coeffiolent, the tube Alumeter
and the thermal conduetivity of alr at the temperature
existing in the heat exchanger, The =ethols of
saloulation of flow of air and caloulation of the average
values of the Nusselt numbers were the sane as Ambrose
(1, pe 79-88), The equatione used are furniched in the
appendix, The flow rates were also oaloulated on the
Alwag III E digital ocomputer and the program used 18 ine
cluded in the appendix,
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SECTION VII

ANALYSIS OF DATA

1. Presentation of data

The local shell-side heat transfer data are presented
in a picoture form in Figures 12, 13, 14, 15, 16, 17 and
20, The variatlion of heat transfer rate along and around
each of the 14 tubes in the bundle can be easily seen
from these figures. The two or three highest values of the:
local coefficient »re shaded black. This helps to
indicate more clearly what is happening in the exchanger.
Examination of these figures permits the sketehing of an
approximate flow pattern in the baffle space. A schematic
diagram of the flow pattern is showm in Figure 20 which
indicates the various zones and from this 1t can be seen
why the heat transfer coefficlients vary as they do. Con-
sequently this method of presentation is considered to

be a good way to present the data,

2. Correlation of Data

Properly weighted overall shell-gide overall heat
transfer rates for the model heat exchanger were calculat-
ed and compared with published values, The correlations

of Ambrose (1, p. 91) and Williams and Katz (35) were
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chosen for comparison since thelr investigations were
carried out under simllar conditions and the correlations
were also similar,

The correlation of the present work compares very
favorably with the work of Williams and Katz (35) and
Ambrose (1), ra o N\ -1/3

The dimensionless term (k )("E“"‘) wag calcu-
lated from the average Nusselt number and the Prandtl
number of air which was taken as 0,7 in all cases, The
results are shown in Table 3 and Figure 9., This term was
plotted versus the weighted Reynolds number. A straight
line of slope 0.6 was obtained. On the same plot, the
correlations of Ambrose (1, p. 92) and Williame and Katz
(35) are shown for comparison. The straight line B of
Ambroce (1) is somewhat high but line C of Williams and
Katz (35) is very close to the data., Ambrose (1) used
the 1 inch tubes and the 1 1/4 inch tube piteh as was
done in the present investigation but thles data included
the cases of 2 and 4 baffles in addition to the 6 and 10
baffles investigated in the present work.

Ambroses results are somewhat higher than the vpresent
ones. The reason for this can be found in the method
of determining average Nusselt numbers along the tube.

Ambrose investigated 3 to 4 coross-sections in each

baffle space and in determining the average Nussell
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number he assumed linear variation of the heat transfer
coefficient between the pointe studied., In the present
work 11 cross-sections in a baffle space were studled,
The ocurves showmn in Figure 18 and 19 show in great
detail the variation of the heat Bransfer coefficlent
along the tube. Integration of these curves gives an
average coegfficient for the tubes, The resulting
coefflcient ie more ncouvrate than those obtained by
Ambrose and aleo somewhat smaller since the curves
obtained by Ambrose are based on only 3 or 4 valués in
the baffle space,

Lines C and D in Figure 9 are those of Williams and
Katz.(35). Line C is for a segmental baffled tubular
heat exchanger with & 6-inch shell diameter, 5/8 - inch
tubes and 3/4 = ineh tube pitoh, and D line is for 1 8 =
inch shell diameter, %-inch tubes and 5/8 -« inch tube
piteh, Line C is associated with a tube size to tube
pitch ratio of 0,834 and line D is assoclated with a
tube size to tube piteh ratio of 0.8, The present
correlation with a tube size to tube pltch ratio of
0.8 is closer to line C than line D, This 1z expected
for two reasons, the first 1is that the heat transfer
rate should iwcrease with the increase in tube size or

the clearance when the ratio of tube size to tube piteh

i8 held constant., The second ie the faect that there were
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no clearances between baffle holes and tubes in the case
of line C., This is one of the conclusions of Ambrose
(1, pe 117). The reason for the line A being slightly
lower than line C may be explained by the lower tube

size to tube pitch ratio of 0.8 for A as againet

0,834 for C, However, all the straight lines have the
same slope of 0.6 so the results shown in Figure 9
indicate good agreement of the present work with thoge of

other investigators.

3. Comparison mith Measuremente of Ambrose (1)

Since measurements were made with the same apparatus,
there were three common cross-sections investigated by
both Ambrose and the author. These data were compared
as a further check on the present work, Average Nusselt
numbers were plotted versus the tube positions in Flgure
10 -« A, B and C, The oross-sections considéred are at
the center of the central chamber for both the 6 baffle
case and the 10 baffle case and on the baffle on the up-
stream side of the central chamber. They apvear to be in
good agreement. Two noticeable changes in C are tube
number 2 and 9 which have lower average Nussgelt number.
This can be explained by the fact that they are right
in the baffle cut where the turning of the f;ow ocours,

Curve B is in good agreement. Curve A has a small
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. dlvergence from tube number 5 to 9. However, fair
agreement in the general tendency 1s observed in all
these three cases., This comparison indicates a fair
reproduction of the results obtained by Ambrose (1) and

support the reliability of he present results,

3. Discussion of Data
(a) Effect of Baffle :Lpacing

The addition of baffles decreases the baffle spacing
and incereases the number of passes and the local mass
velocities across 'he tube bundle. OConsequently the heat
trangfer coefficient is increased, It also increases the
pressu-e drop, This effect is shown by Ambrosge
(1, p. 114)., Increasesc of heat transfer coefficient as
high as 160 per cent over the unbaffled case and 23 per
cent over the 6 baffle case were noted in his work in thé
case of 10 baffles. In the present work the same effect
is noticed also, Table 6 shows the variation of average
Nussgelt rumber for the two baffle spacings of 6.43 inches
and 4,1 inches. Per cent increage of average Nusselt number
in the case of 4,1 inchee baffle spacing over the 6.43
inches baffle spacing 1s as high as 25.5 per cent at a
flow rate of 60 cubic feet per minute., No comparison to
the unbaffled case wag possible since no data were taken

for that case, 'he baffle spacing of 4.1 inches appears
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to be the minimum that can be adopted sinee a further

decrease might reduce the turbulence in the baffle
gpace to t he point where a reduction of heat transfer rate
will ocour, This effect can be noticed in Figures 12, 13,
14, 15, 16, 17 and 20,

There is definitely lese turbulence in the 10 baffle
case than in the 6 baffle. Increase of the number of

baffles also increases the preseure drop.
(b) Effect of Flow Rate

An increase in the flow rate increases the heat trans-
fer rate, This 1s noted in both the 6 baffle case and the
10 baffle case., Congidering the per cent increase in
Nusgelt number for a flow rate of 120 cubic feet per minute
over the Nusselt number for a flow rate of 60 cubic feet
per mimite, there is an increase as hich as 73.35 per cent
in the 6 baffle case and an incfease as high as 48,16 per
gent in the 10 baffle case.

The lower increase in the 10 baffle case was probably
due to lesser scope for increased turbulence in the
restricted space., The resulte are shown in Table 6.

At higher flow rates there was more leakage thréugh the
baffle holes which brought about more turbulence in the
eddy zone. This effect was more pronounced for the large

baffle spacing. Thig effect can be observed in Figure 20.
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The effect of flow rate in the different flow zones is

discussed under a separate heading.

(e¢) The Effect of the Clearance Between the Tube
and Baffle Holes

It appears that a small olearance between the tube
and baffle holes causes an increase in the heat transfer
coefficient, This is evident from the high Nusselt
numbers at the baffle and very close to it., The average
values of Nusselt number with and without including these
high values are shown in Table 7. The percentage increase
of the high values over the low values indicates Lo some
extent the effect of the clearance between the tube and
the baffle hole. It ig interesting to note that the effect
is more or less the same for all the flow rates but varles
with the baffle spacing, The difference ig around 15 per
cent in the case of 10 bafflee and 22 per cent in the
case of 6 baffles., The true effect of tube to baffle
clearance can only be determined by comparison with an

exchanger in which there are no clearances.

{d) Flow Pattern
Ae indicated earlier the flow pattern on the shell-
glde of a baffled heat exchanger is very complicated.

It is much more complex where there are many structural
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olearances like the clearance between the baffle and the
shell baffle holes and the tubes which cause leakage of
the flowing fluld and disturb the flow pattern,

P Clearance Between Tube and Baffle Hole

Ag indicated earlier the leakage flow between the
tube and the hole inoreases the heat transfer coefficlent
at the baffle and in its vicinity. It also appears to
affect the flow pattern in the eddy zone, The direction
of maximum local heat transfer coefficients indicate to
gome extent the direction of flow since the maximum values
occur at the leading edge. These indicate in Filgure 20
that there are either two different turbulent eddies in
in the eddy zone with eddies rotating about the axis of
the tube or there is a strong effect of the tube and
baffle hole leakage resulting in high heat transfer rates.

It is believed that the high coefficlents are due to
the eddies rotating along the tube axis because the
directions of approach of flow to two adjacent rows of
tubes are symmetrical and opposite to each other, This
happens for two sets of rows., If this effect was due to
the leakage flow it should have been uniform around each
tube which ig not the case. The leakage has at least an
indirect effect in causing these two turbulent eddies
in the eddy zone.
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24 Flow Zones

From an observation of Figure 20, the space between
two baffles can ve dividéd roughly into three zones, These
are longitudinal flow, cross-flow, and eddy flow zones,
The longitudinal flow occurs in the baffle windows. The
croés-flow and the eddy flow more or less divide the chame
ber between thg baffleg into two equal parts., The eddy
zone 1s on the upstream eide of the space. The cross-flow
forms the bulk of the stream in the baffle space. In the
eddy zone the fluld separated from the aross-flow stream
goes through the eddies and rejoine the msin strean.
Flow in the eddy zone 1s apparently quite turbulent.
The flow pattern in the eddy zone Seems to be somewhat
affected by the leakage through the clearancee in the
baffle, <Thils effect is more significant in the larger
baffle spacing ( six baffles) than for the smaller baffle
gpacing (ten bhaffles). The rate of flow of fluid does not
seem to affect the flow pattern in the baffle space. The
average Nusselt numbers occuring in the various flow zones
and the overall values are shown in ‘able 8, These aver-
age valuee are plotted versus the flow rate in Figure 21,
Thie indlcates that the rate of heat transfer increases
linearly with the rate of flow in both the longitudinal
and cross-flow zones, the lines having approximately the

same slope in both the 10 and 6 baffle cases., In the eddy
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zone the average Husselt number increases more rapidly
with flow rate than in the other two zones, The ourve
showing the increase in the eddy zone in the case of 6
bafflee has a greater slope than in the ocasge of 10
baffles., Generally the Nusgelt numbers in the eddy flow
zone are slightly higher than in the other zones. The
longitudinal zone comes next in the order of magnitude of
the average Nusselt numbers., The slightly greater or equal
rate of heat transfer in the eddy zone is contrary to the
findings of Cuptha and Katz (16, p. 998-999), In the ex~
changer studied by these investigators there wasg no
clearance between the baffle and shell or between the baffle
hole and tube., Thisg probably accounts for the lower heat

transfer coefficients obtained by these workers.
(e) Variation of Heat Transfer Rate Along Tubes

Average Nusselt numbers at each investigation position
for all the 14 tubes in the tube bundle have been plotted
versus the distance of investigation positions measured
from the upstream end for the two baffle spacings in Fig-
ureg 18 and 19. The 14 tubes are divided into 3 groups
plotting for easier interpretation. The first group A
consists of the four tubes which are located in the
baffle windows., The third group C includes all the tubes

centrally located and the second group B consiste of the
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remailning tubes,

It is interesting to note that these groups behave
more or less gimilarly and have about the same order of
magnitude for the average Nuegselt number. All fhe tubes
located in the second group B are practically symmetrical
about the center but the first group A and the third group
C have higher values on the upstream end and glightly
lower values at the downstream end, This is true in both
the 6 and 10 baffle cases. The broken curve in Figures
18-A and 19-A shows the average values at each investi-
éation position,

The average curve in Figure 19-A, referring to the 10
baffle case is symmetrical about the center whereas the
corresponding curve in Figure 18-A has higher values at the
upstream end and lower values at the dovmstream end,

This indicates higher heat transfer coefficients in the
eddy zone than in the cross-flow zone in the 6 baffle case.
They are equal in the 10 baffle case. The heat transfer
rates are maximum at the baffles and a minimum at the
center of the space between the baffles., The heat trans-
fer rate decreases by 50 per cent within about an inch
from each baffle in both the 6 baffle and 10 baffle casge.
This indicates the zone affected by the baffle.
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(f) Variation of Heat Transfer Rute Around Tubes

The variation of the heat transfer rate around the tubes
can be easily seen in Figures 12, 13, 14, 15, 16 and 17,
The maximum two or three values have been indicated by
shading the segment of the cirele, These are believed
to indicate the direction of fluid flow past the tube
since maximum heat transfer coefficients ococur at the for-
ward leading edge of bodies immersed in a flowing fluid,
This ie the basis for the schematic dlagram of the flow
pattern showvn in Figure 20. The variation around a tube
is less in the central tubes than in those surrounding
them. The maximum heat transfer coefficient around a tube

varies from 1.5 to 3.5 times the minimum value.
(g) Experimental Errors and Acouracy Attained

Errors involved in the determination of the local
heat transfer coefflcients are! errors in reading the emf
values for the various thermocouples and the current, the
radiation losses from the ribbon and the conduction losses
into the probe, A detailed discussion of these errors is
made by Ambrose (1, p. 111-113) who also uged the game
apparatus, The emf of the thermocouples was read to

0.001 millivolts and the current was read to 0,01 amperes
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but it was felt that an error of 0,1 °F and 0,02 amperes
was possible, The percentage error is 1.65 per cent.
Since only one tube out of the tubes in the bundle had
heating ribbons on it there could be asymmetric heating
resulting in a lower heat transfer coefficient. It was
felt that the error from this discrepancy was less than
one per cent. The radiation effect could have introduced
an errcr of about 1 per cent and conduction effects along
the ribbon are less than 1 per cent. Summing up all the
individual errors, the total error is believed to be nct

over 6 per cent.
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SECTION VIII

CONCLUSIORS

Local heat transfer coefficients were studied in
detail in one baffle space of 2 model segmental baffled
tubular heat exchanger, Two baffle spacings =nd three
flow rates were investigated for a tube bundle contain-
ing 14 tubes in staggered arrangement, Extensive data
were obtained for the baffle space and they were
processed on the Alwac III E digital computer, They
are presented in a picture form for easier interpreta-
tion.

The following conclusions are drawn from the data:

1. Correlation of Data

A correlation of the product of the Nusselt number
and the Prandtl number versus the welghted Reynolds nume
ber was obtalned using the equation suggested by Donohue
(8) and compared with similar correlations with other
investigators, Williams and Katz (35) and Ambrose (1).
The present data were in good agreement with those of
other workers. The present data were compared with those
of Ambrose who used the same apparatus and a good agree=
ment wag observed, The findings of Ambrose with respect
to:

b The effect of baffle spacing
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Bs The effect of clearance between baffle holes

and tube.

3e The variation of heat transfer coefficients
in the three different flow zones.

L, The variation of heat transfer coefficient
along and around a tube

were confirmed by the present study.

2. Effect of Baffle Spacing

FProm the two different baffle spacing studlied 1t was
found that emaller baffle sgpacing definitely results in
a higher heat transfer rate. The baffle spacing appear
to have a significant effect on the flow patiern but
baffle spacings smaller than three quarters of the shell
diameter are not very advantageous. This 1s evident
from the‘reduction of turbulence in the eddy zone to the
point that the local heat transfer coefficient 1is reduced
for the smaller baffle spacing (10 baffles) as compared
to the larger baffle spacing (6 baffles).

3, Effect of Flow Hate

Inorease in rate of flow of the shell-side fluid
increases the rate of heat transfer. The flow rate has
no effect on the effect of the leakage from the elesarance
between the baffle holes and the tube, It also has little

effect on the flow pattern.



L, Flow Patierm oy

The ghell-gide flow appears to be divided into three
zones, longitudinal flow, cross-flow and eddy flow zones.
The longitudinal flow occurs in the baffle windows, The
eross-flow and eddy flow divide the chamber into two
equal parte., The crocs-flow is in the downstream half
and the eddy flow in the upstream half of the baffle
space, The oross-flow forms the main stream from which
the eddy flow separates and rejoins., The leakages from
the various c¢learances in the exchanger appeanr to affeot
the flow pattern but thle effect is only shown qualita-
tively in the present work., The average heat transfer
coefficients for the various zones is shovm in Table 8
and Plgure 21, It can be seen from Table 8 that the
average Nusselt number for a flow rate of 120 cublc
feet per minute for the eddy zone is 144,32 for the small-
er baff‘]ie spacing (10 baffles) and 11,4 per cent higher
than the Nuscelt number in the cross-flow Zone., The
average Nusselt number for the longitudinal zone is
131,39, The values for the iarger baffle spacing
(6 baffles), 120 cubie feet per minute are, for the long-
itudinal 118,.48; for cross-flow 110,41; and for the eddy
zone 140,91, In this case the eddy zone coefficient is

27.6 per cent higher than the cross-flow coefficient.



5. Heat Transfer Rates Along Tubes

Heat tranefer rates along tubes are at a maximunm
at the baffles and at a minimum at the center of the
baffle space, The maximum values decrease by 50 per
cent within one inch from the baffle in the exchanger
studied, The variation in the space between one haffle
and the next baffle 1s symmetrical with low turbulence
in the eddy zone but quite distorted with high turbu-

lence, such as occurs in the eddy flow zones,

6. Heat Iransfer Around a Iube

The rate of heat transfer varies around a tube with
a maximum at the leading edge and a minimum at some
other location depending on the pattern of flow in that

reglon, Thesce variations are presented in piecture form

75

in Pigures 12, 13, 14, 15, 16 and 17, and this permitted

mapping the flow pattern shown in Figure 20,
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SECTION IX
RECOMMENDATIONS

The study of Ambrose (1) to understand the shell-
silde characteristics of a baffled tubular heat exchanger
were exploratory in nature. In the present investiga-
tion two aspeots, the effect of baffle spacing and flow
rate, were studied, This work also consisted of detail-
ed examination of the flow pattefn in the vicinity of
baffles, It indicated that more needs to be done to
completely understand the effect of the various clear-
ances in the exchanger. It also recommended that a study
with more flow rates will help substantiate the present
findings, A more detalled study at the entrance and
exit of the s hell will give a more complete picture of
the entire heat exchanger.

The effect of different tube spacings and tube sizes

merits investigation.
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SECTION X

NOMENCLATURE

Area of surface, square feet; A ye average area;

Ap, baffle window area; Ay, oross flow area in

tube bank; Ag, shell-side; Ag, tube-side; Ay, baffle
window area,

Baffle height, feet,

Speciflic heat at a constant oressure, Btu/(1lb)
(deg. F).

Specific heat of fluid Btu/(1lb) (deg. F).
Dianeter of heat exchanger shell, feet.

Equivalent diameter L (flow area) , inches
- wetted perimeter :

Diameter of tube, feet; d4, inside tube diameter.

Mase veloelty, 1lbs/(hr) (sq. ft.); Ge, welghted;
Gg, shell-gide,

Differential manometer reading, inches.

Heat transfer coefficient, Btu/hr., (sq. £t.)

(deg. F); hgoy, average of local coefficients around
tube; hgy, for natural convection; hgg, for scale on
shell-slde; hg¢y for scale on tube-side; hg, for film
on shell-side; hg, for film on tube-side,h,, heat
transfer coefficlient for outside fluid,

Current, amperes,
Heat transfer j-factor (defined on p. 29).
Mass transfer j-factor (defined on p. 29).

Holar mass-transfer coefficient, 1lb, mols/(hr)
(eq. ft.) (atm),
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Thermal conductivity, Btu/(hr) (sq. ft.) (deg. F)/ft;
Ky, for tube wall,

Active length of heat exchanger, feet
Molecular welght of air,

Millivolts.

Nusselt number nd, dimensionless.

=

Tube pitch (distance between centers of heat exchanger
tubes), feet

Prandtl number CE;k, dimensionless.

Pressure, 1bs/(sq in).

Flow rate of air, cu ft/min.

Heat transfer rate, Btu/hr,

Resistance 6f ribbon. Ohms/ft.
Reynolds number 4 VP, dimenslonless
Radlus, inches

Baffle spacing, feet.

Stanton number _h__ | dimensionless,
G Cy

Temperature, deg. Rankine; I,, alr temperature

Temperature, deg. F; ty, air temp; tg, fluild temp;
tg, surface temp.

(Over-a%l heat transfer coefficient, Btu/(hr) (sq ft)
deg. F).

Veloaity, ft/hr.
Width of resistance ribbon, inches.

Mass flow rate, 1lbs/hr,
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Code letter indicating 2 3/1l6-inch tube piteh,

Horizontal distance, feet; xp, distance between
baffles, inches,

Code letter indicating 1 1/4-inch tube pitech.
Thickness of resistance ribbon, inches,
Proportionality constant,

Emissivity, dimensionless.

Angle measured from the leading edge, degrees.
Viscosity, 1b/(sq ft) (hr); /lW’ viscosity at the
wall.,

Density, 1b/cu ft; € g, or exchanger; €, at orifice.
Stefan-Boltzmann constant, Btu/(hr) (sq ft) (deg.B)u.
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APPENDIX



Summary of Equations Used to Compute
the Local Heat Transfer Coefficients

Bquation 14 was used to convert millivolts to temperature
units .

2
t = -0,26 (nmav) 4+ 35,12 (mv) + 32,01 (14)

The first temperature derivatives were calculated by
equation 20,

at
2 1 (~t + t>
ae~ 7h T3

|

. . . L] (20)

at
_—— t_4t+t>
a 2h< 5 6 * %

Equation 21 was used to caleculate '‘he second derivatives,

2
d ¢
——__l.___ - dt L"dt
dgz 2h <—3'5‘1‘ + 2 :3
(21)

2
bty 1 (—dtg dts
ae® ~ 2h \ae Tz3

. . s .

a2t L
w B (# m w)

The local heat trangfer coefficients were caleulated
using equation 13a.



2
a<t 86
11.10 12 4 2404 352

h= (13a)
t - ta

The average heat transfer coefficient at a position was

calculated using equation 15

1 2
hay = ~5- %h (15)

Equation 16 was used to calculate the Nesselt number

at a pogition

NU = e (16)

where k was calculated from equation 17.

k = 0.0000245 t4 + 0.132 (17)

These equations are quoted from Ambrose (1).
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PROGRAN

iThe program used for calculating the data ia given
in page 89. The first three paragraphs refer to the
calculation of the local temperatures, local heat transfer
coefficients, average heat transfer coefficients and
average Nusselt numbers. The order of input of data 1s

1 2 3 4 5 6 7 38 9

Millivolt readings Current in amperes

The next two paragraphs refer to the calculation

of air flow rates. The order of input of data is

1 2 3 b
Po i PE K
where
Po pressure at the orifice’ psig
P Temperature, OF
PB pressure at the exchanger, psig

K Constant obtained from a chart of Ambrose(l)
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Calculated Data for Correlation

TABIE 3

Number of A ft.

2

JKc Ap

Reynolds

Husselt

Baffles Ap 1T " Ge Number Number (Nu)(Pr) )
ft, 1bs/hr.ft Ge d hd
M k

6 0,0753 0.,0343 0,0508 5232,87 10,013.1 72.80 82.15

6 0,0753 0.0343 0.0508 8,048,8 15,401,.5 95.04 107.25

6 0.0753 0,0343 0,0508 10,471.9 20,038.3 123.62 139.51
10 0.0474 0,0343 0.0403 6,596.3 12,622,0 91.36 103.10
10 0.0474 0.0343 0.0403 10,114.4 19,353.9 113.18 127.72
10 0.0474 0,0343 0,0403 13,392.4 25,626.5 135,36 152.75

¥ In all the above calculations a constant value of 0,7 was used for Prandtl

number for air.
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TABLE &4

Calculated Average Flow Rates

Number of Baffles 6
Investigation Position Number
Tube
Number : 4 2 3 L 5 6 7 8 9 10 11
L 59,28 59,28 59.28 59.28 59,28 59,28 59,28 59,28 59.28 59.28 59.28
2 59.32 59.32 59.32 59.32 59.32 59.32 59.32 59.32 59.32 59.32 59.32
3 58,47 58,47 58,47 58,47 58,47 58,47 58,47 58,47 58,47 58,47 58,47
4 59.07 59,07 59.0? 59.07 59.07 59.07 59.07 59.07 59.13 59.13 59.13
5 59425 59425 59425 59425 59.25 59.25 59.25 59.25 59.25 59.25 59.25
6 60,10 60,10 60,10 60,10 60,10 60,10 60,10 60,10 60,10 60,10 60,10
7 59483 59433 59433 59.33 59.33 59.33 59.33 59.33 59.33 59.33 59.33
8 59.33 59.33 59.33 59.33 59.33 59.33 59.33 59.33 59.33 59.33 59.33
9 59.33 59.33 59433 5933 59.33 59433 59.33 59.33 59.33 59.33 59.33
10 59,40 59,40 59,40 59,40 59.40 59.40 59.40 59.40 59,40 59,40 59,40
11 59.40 59,40 59.40 59.40 59,40 59.40 59,40 59,40 59,40 59.40 59.40
12 59,40 59,40 59,40 59,40 59,40 59,40 59.40 59.40 59,40 59,40 59,40
13 5,54 sh 54 5h,54 54,54 54.54 54,58 54,54 54,54 Sﬁ.sh 5k.54 54,54
14 54,53 54,53 54,53 54.53 54.53 54.53 54.53 58,53 54.53 54.53 54.53
1 00,40 90.40 90,40 90,40 90,40 90,40 90,40 90,40 90.40 90,40 90,40
2 89.92 89,92 89.92 89.92 89.92 89.92 89.92 89.92 89,92 89.92 89.92
3 90,40 90,40 90,40 90,40 90.40 90.40 90,40 90.40 90,40 90,40 90,40
5 91,04 91,04 91,04 91,04 91,04 91.04 91.04 91.04 91,04 91,04 91.04
6 91.11 91.31 91.11 91.11 91.11 911 9111 91.11 93,11 93.11 91.1)
7 90.71. 90,71 90,71 90,71 90.71 90.71 90.71 90,71 90.71 90.71 90.71
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TABLE &

Tube
Number 1 e 3 4 s 6 7 8 9 10 11
8 90,54 90,54 90,54 90,54 90.54 90,54 90,54 90,54 90,54 90,54 90,54
9 90,27 90.27 90,27 90.27 90.27 90,27 90,27 90,27 90,27 90,27 90,27
10 90,45 90,45 90,45 90,45 90.45 90.45 90,45 90,45 90,45 90,45 90,45
11 90,45 90,45 90,45 90,45 90,45 90,45 90.45 90,45 90,45 90,45 90,45
12 90,72 90,72 90,72 90,72 90,72 90,72 90,72 90.72 90,72 90,72 90,72
13 89,20 89,20 89,20 89,20 89,20 89.20 89,20 89,20 89,20 89,20 89,20
14 89,54 89,54 89,54 89,54 89.54 89,5% 89,54 89.54 89.54 89.54 89,54
: | 118.84 118,84 118.84 118.84 118.84 118.84 118.84 118.84 118.84 118.84 118.84
2 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.3%
3 119.98 119.98 119.98 119.93 119.98 119.98 119.98 115,98 119.98 119.98 119.98
) 119,74 119.74 119.74% 119.74 119.74 119.74 119,74 119,74 119,74 119.74 119.74
5 120.28 120.28 120,28 120.28 120,28 120,28 120,28 120,28 120,28 120,28 120.28
6 119.75 119.75 119.75 119.75 119.75 119.75 119.75 119.75 119.75 119.75 119.75
7 120,00 120,00 120,00 120,00 120,00 120,00 120,00 120,00 120,00 120,00 120,00
8 120,00 120,00 120,00 120,00 120,00 120,00 120,00 120,00 120,00 120,00 120,00
9 119.31 119.31 119.31 119.31 119,31 119.31 119.31 119.31 119.31 119,31 119.31
10 119.31 119.31 119,31 119.31 119,31 119,31 119.31 119.31 119.31 119.31 119.31
11 119.31 119,31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119,31 119.31
X2, 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31 119.31
) & 117:50 117.50 117.50 117.50 117.50 117.50 117450 117.50 117.580 117.50 )17.50
14 117.50 117,:50 117.50 117.50 127.50 117.50 117,50 137.50 117.50 117.50 117.50
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TABLE 5

Calculated Average Flow Rates
Number of Baffles 10

Investigation Positioh Numbher

Tube
Number 1 2 3 i 5 6 7
1 58,08 58,07 58,08 58.07 57.69 59.62 59.62
2 58.67 58,67 58,67 58,62 58,44 58,63 58,63
3 58,80 58,80 58,80 58.80 58,80 58,80 58,80
4 59.17 59.17 59.17 59.17 59,17 59,17 59.17
5 59.33 59433 59433 59433 59.33 59.33 59.33
6 58,92 58,92 58,92 58,92 58,92 58,92 58,92
7 59.02 59.02 59.02 59,02 59,02 59,02 59.02
8 58,60 58,60 58,60 58.60 58,60 58,60 58,60
9 58,60 58,60 58,60 58,60 58,60 . 58,60 " 58,60
10 58.65 58,65 58,65 58,65 58,65 58,6 58,65
11 58 .84 58,84 58,84 58,84 58,84 58, 58,84
12 59.09 59.09 - 59.09 59.09 59.09 59.09 59.09
13 584,77 58.77 58.77 58.77 58.77 58,77 58.77
14 59,28 59,28 59,28 59,28 59,28 59,28 59,28
1 90.40 90,40 90,40 90,40 90,40 90,40 90,40
2 89.92 89,92 89.92 89.92 89.92 89.92 89.92
3 90,40 90,40 90,40 90,40 90,40 90,40 90,40
4 90,64 90,64 90,64 90,64 90,64 90,64 90,64
5 91,04 91,04 91,04 91,04 91,04 91 .04 91,04
6 91,11 91.11 91,11 91,11 91.11 91.11 91.11
4 90.71 90.71 90.71 90,71 90,71 90.71 90,71
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TABLE 5

Tube
Number 1 2 3 L 5 6 7
8 90,54 90,54 90,54 90 54 90,54 9054 9054
9 90,27 90,27 90,27 90,27 90,27 90,27 90.27
11 90,45 9045 90.45 90,45 G045 90,45 90 .45
12 90,72 90,72 90.72 90.72 90.72 90,72 90.72
13 69,20 89,20 89,20 89,20 89,20 89,20 89.20
1 117.28 117.28 117.28 117.28 117.28 117.28 117.28
2 115,42 115 42 115.42 115,42 115.42 115.42 11542
3 116,77 116,77 116,77 116,77 116.77 116.77 116,77
4 117.68 117.68 117.68 117.68 117.68 117.68 117.68
5 118,15 118,15 118,15 118,15 118,15 118,15 118,15
6 118.15 118,15 113.15 118,15 118,15 118,15 118,15
7 117.76 117.76 117.76 117.76 117.76 117.76 117.76
8 117.91 117.91 117.91 117.91 117.91 117.91 117.91
9 117.91 117.91 117,91 117.91 117.91 117.91 117.91
10 117.76 117.76 117.76 117476 117.76 117.76 117.76
11 117.76 117.76 117.76 117.76 117.76 117.76 117.76
12 118,02 118,02 113,02 118,02 118.02 118,02 118,02
13 118,02 118,02 118,02 118,02 118,02 118.02 118,02
14 127.76 117.76 117.76 117.76 117.76 117.76 117.76
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TABLE 6

Variation of Average Nusselt Numbers With Flow Rate

Number of Baffle Average Average Per Cent Increase
Baffles Spacing Rate of Husselt of Nu Number for
inches PFlow efm Number 10 Baffles over 6
Baffles

6.43 90,39 95,04 -

6.43 119.30 123.62 -

10 4,09 58,73 91.36 25.5

10 4,09 90,38 113.18 19.1

10 4,09 117,60 135.36 9.1

Per Cent Increase
of Hu Number over
60 ofm Flow Rate

30455
73.35

23,88
48,16
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TABIE 7

Effect of Baffle Hole Clearance

Number of Flow Rate High value of Low value of Per Cent Increase
Baffles ofm Nu Humber Nu Number # of High Value over
the Low Value

58.65 . 72.80 60.13 21.07

6 90.39 95.04 78.91 2054
119.30 123,62 98,42 25,60

10 58.73 91.36 79 .04 15.59
10 90,38 113.18 98,56 14,83
10 117.60 135.36 118,30 14,42

% The low valuep were obtained by neglecting one value on each baffle in the

case of 10 baffles and two values =t each baffle in the case of 6 baffles.
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TABLE 8

Average Nuseelt Numbers in the Various Flow Zones

Average NHusselt Numbers

Number of Habte of ILongitudinal Cross-Flow Eddy Zone Per Cent Incr- Overall
Baffles Flow cfn TFlow Zone Zone ease in Eddy Zone
over Cr, Flow Zone

6 58.65 75.82 70.07 77.83 13,31 . 72,80

6 90.39 98,90 39.12 98, 4L 10,50 95,04

6 119.30 118,48 110,41 140,91 27 .60 123,62

10 58.73 86.75 92.56 93.83 1.37 91.36

10 90,38 110,49 110.51 118,02 ‘ 6.80 113.18

10 117,60 131.39 129.55 144,32 11.40 135.36
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