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Abstract Approaches to heat exchanger designs are
numerous. Marine heat exchangers are usually single and
they do not form part of a large network. Selections are
generally based on the duties, area and the heat quantum.
Over capacities and un-optimised designs could result. As
an exercise to verify the choice, an existing heat exchanger
on board of an operational ship was redesigned using
computer software with thermodynamic data and standard
geometric values. The formulae employed in the software
were extracted and verified. The geometric data was used
to develop the design drawings using SolidWorks®. Visu-
alising the designs, the physical arrangement was
improved. Comparisons and design improvements were
made keeping the standard values in view. With the exer-
cises, a method of developing an optimised physical design
reducing the number of rating runs has been demonstrated.

Keywords Heat exchanger - Optimisation -
Exhaust gas economiser - Design software
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A Total surface area (m?)

A, Total outside area, tube (approximated) (mmz)

Ay Area causing bypass streams (mm?)

A, Smallest area for cross flow between
baffles (mm?)

Ace Area obtained from S,-Lz (mm?)

Ay Area obtained as A; = D;S (mm?)

Agsp Area of gaps between shell and baffles (mm?)
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Total area of gaps between tubes and baffle
holes (mm?)

Total area given by addition of A,y and
Aguy (mm?)

Total area of tubes in the window section (mm?)
Flow area in window section including
tubes in window (mm?)

Flow area in window cross section (mmz)
Constant obtained from Tables

Specific heat capacity, cold fluid (kJ/kg K)
Specific heat capacity, hot fluid (kJ/kg K)
Shell inside diameter (mm)

Shell outside diameter (mm)

Baffle diameter (mm)

Tube bundle diameter (mm)

Equivalent diameter (mm)

Inlet nozzle diameter (mm)

LMTD correction factor

Fouling factor

Shell side mass flow velocity (kg/m? s)
Tube side mass flow velocity (kg/m? s)
Baffle cut height (mm)

Pressure drop factor

Constant based on number of tube passes
Logarithmic mean temperature difference
Length of tubes (mm)

Sum of the shortest connections

(2 + " ¢) (mm)

Number of baffles

Total number of tubes

Nusselt number

Nusselt number of the tube bundle at
operating conditions

Nusselt number calculated for tube bundle
Nusselt number of ideal tube bundle
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Nusselt number for laminar flow in a tube
Nusselt number, shell side

Nusselt number, tube side

Nusselt number for turbulent flow in a tube
Number of tube passes

Temperature effectiveness

Prandtl number

Prandtl number of tube side fluid

Prandtl number at wall temperature

Heat transferred (W)

Ratio of fluid capacities

Fouling resistance inside (tube) (m? K/W)
Fouling resistance outside (shell) (m? K/W)
Ratio A, /A,

Ratio n,,/N,

Ratio A, /A,

Ratio Agy/As,

Ratio ny/n,,,

Reynolds number

Reynolds number in end cross flow section
Reynolds number for obtaining drag
coefficients for turbulent and laminar flows
Reynolds number for tube side fluid
Reynolds number for a tube bundle

Baffle spacing (mm)

Baffle spacing in end channels (mm)

Shell side fluid inlet temperature (°C)
Shell side fluid outlet temperature (°C)
Hot fluid inlet temperature (°C)

Hot fluid outlet temperature (°C)

Cold fluid inlet temperature (°C)

Cold fluid outlet temperature (°C)

Overall heat transfer coefficient (W/m? K)
Overall heat transfer coefficient
(approximated) (W/m2 K)

Wetted perimeter (mm)

Fluid flow rate (m>/s)

Factor obtained from transverse pitch

ratio (s,/d,)

Factor obtained from longitudinal pitch
ratio (s»/d,)

Hole diameter in baffles (mm)

Equivalent diameter for window section (mm)
Hydraulic diameter (mm)

Tube inside diameter (mm)

Diameter of nozzle (mm)

Tube outside diameter (mm)

Shortest connection between adjacent tubes
in the same row/adjacent row (mm)
Shortest connection between outermost tube
and the shell (measured at the shell
diameter parallel to baffle edge) (mm)
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Bypass correction factor, shell side
Fanning friction factor

Leakage correction factor, shell side
Correction factor for change in physical
properties, shell side

Factor based on a, b and ¢

Factor based on a and b

Tube arrangement factor

Bypass correction factor

Geometry correction factor

Leakage correction factor

Tube rows correction factor

Correction factor due to changes in physical
properties near tube surfaces

Shell side flow correction factor
Temperature correction factor (laminar flow)
Temperature correction factor (Turbulent
flow)

Characteristic length (mm)

Mass flow of cold fluid (kg/s)

Mass flow of hot fluid (kg/s)

Mass flow in tube side (kg/s)

Exponent for Reynolds number

Index based on number of tube passes and
pitch arrangement

Number of main resistances in cross flow
between adjacent baffles (central section)
Number of main resistances in end section
Number of effective main resistances in the
window section

Number of pairs of sealing strips

Total number of tubes in lower and upper
windows

Exponent as defined

Transverse tube pitch (mm)

Longitudinal tube pitch (mm)

Tube side fluid inlet temperature (°C)
Tube side fluid outlet temperature (°C)
Characteristic ~ velocity (for Reynolds
number) (m/s)

Velocity in the narrowest section of tube
bundle (m/s)

Velocity obtained from V /A,, (m/s)
Velocity in the inlet nozzle (m/s)

Velocity in nozzle (m/s)

Velocity in the nozzle section (m/s)
Velocity in the outlet nozzle (m/s)
Velocity in window section as defined (m/s)
Velocity of fluid flow in tubes (m/s)
Velocity in window section as defined (m/s)
Tube side heat transfer coefficient (W/m? K)
Shell side heat transfer coefficient (W/rn2 K)
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Ap return
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Apy,
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Dynamic viscosity (mean), shell side fluid
(Pa s)

Dynamic viscosity, shell side fluid (Pa s)
Dynamic viscosity, tube side fluid (Pa s)
Dynamic viscosity of fluid at wall
temperature (Pa s)

Shell side thermal conductivity (W/m K)
Tube side thermal conductivity (W/m K)
Drag coefficient due to friction

Drag coefficient (laminar flow)

Drag coefficient for inlet or outlet nozzles
Drag coefficient for shell side staggered
tube bundle

Drag coefficient for tube side inlet nozzle
Drag coefficient obtained after corrections
Drag coefficient (turbulent flow)

Density of fluid in the nozzle

region (kg/m>)

Density of fluid at inlet nozzle (kg/m>)
Density of fluid at outlet nozzle (kg/m>)
Density (mean) of shell side fluid (kg/m?)
Density of shell side fluid (kg/m?)

Density of tube side fluid (kg/m?)

Pressure drop in inlet nozzle (Pa)

Pressure drop in end sections without
bypass & leakage streams (Pa)

Pressure drop approximated for nozzle
entry/exit and flow (Pa)

Pressure drop in shell side (Pa)

Pressure drop in tubes due to friction (Pa)
Pressure drop in the tubes (Pa)

Pressure drop due to laminar flow regime in
window section (Pa)

Pressure drop due to turbulent flow regime
in window section (Pa)

Pressure drop in inlet and outlet nozzles (Pa)
Pressure drop in tube side due to friction
(general equation) (Pa)

Pressure drop in nozzles (Pa)

Pressure drop in outlet nozzles (Pa)
Pressure drop in central section without
leakage and bypass streams (Pa)

Pressure drop in central section between
adjacent baffles (Pa)

Pressure drop in end section (Pa)

Pressure drop due to tube friction (Pa)
Pressure drop in window section (Pa)
Logarithmic mean temperature difference (°C)
Viscosity Correction factor

Heat Transfer coefficient (W/m? K)
Constant for calculating bypass correction
factor

y Central angle due to baffle cut degrees
A Thermal conductivity (W/m K)

\J Kinematic viscosity (m?/s)

¢ Drag coefficient

p Density (kg/m®)

b4 Void fraction factor

Introduction

Heat exchangers are an integral part of many marine
engineering systems. Ships have heat exchangers for
heating, cooling, evaporating and condensing processes.
From technical point of view,classifications are based on
the transfer process, constructional features, and flow
arrangements as also on surface compactness etc. [1]. Heat
exchangers may be further classified according to the
passes, fluid states and intended duties etc. Of the many
types, the shell and tube design, plate type and extended
surface heat exchangers are regularly used in engine and
Heating, Ventilation, Air Conditioning (HVAC) systems.

Shipboard heat exchangers are purposefully singular and
are chosen for specific duties with few parameters such as
maximum heat quantum and space availability. Commer-
cially available exchangersare usually selected with little
optimisation.Mostly, heat exchangers are designed with
software and complex optimisation techniques. Optimisa-
tion of shell and tube design using non-linear programming
has been demonstrated [2]. Optimisations with genetic
algorithms [3, 4], simulated annealing [5] and various
economics based approaches [6, 7] have also been dem-
onstrated. A number of mechanical variables and thermal—
hydraulic variables need to be optimised in these cases.
Most of these approaches are complex and focus on solu-
tions for processing industry. Using established constraints,
reduction in thermal areas are obtainable within lesser
number of rating runs [8]. For marine heat exchangers,
simpler optimisation techniques using Lagrangian methods
[9] can also be used by reducing the number of variables.
The variables can be further reduced if their values are
finalised rationally by using mathematical formulae.

While creating design populations, the choices are
numerous which can be represented as an optimisation
problem. The process is complex with many discrete
decision variables, and obviously, choice of a vector would
include numerous variables. If such variables are reduced,
population for optimisation can be reduced. The choice of
number of designs (X) may be said to involve as many
factors considered. Table 1 illustrates the generation of the
design population and the rational reduction.
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Table 1 Reducing design populations

Variable Factor Available Considered for
design exercise
X1 Tube diameter >10 2
X Tube layout 2 1
X3 Tube passes 5 1
Total 30 2

X = (X1 - X2 - X3 - X4 * X5. . .X)

In the example shown, only three factors for tube are
considered. If options for other factors such as shell
diameter (>10 choices available) and baffle cuts (minimum
3 choices within the range of 15-40 %), are included, the
population will increase to 900. For shipboard systems,
where parameters can be defined, these populations can be
reduced by making rational choices. For example, tube
lengths and shell diameters may be chosen keeping in mind
the limited space available. In this study, an approach to
reduce the variables using calculation software and
engineering software was employed.

To verify the effectiveness of the approach, an exhaust
gas economiser on an operational vessel was chosen and
design data was obtained from the machinery manuals and
drawings. On motor ships propelled by diesel engines, an
economiser is a regular arrangement to recover some
energy lost in the exhaust gases. Since some waste heat is
recovered, this is referred to as an exhaust gas economiser.
The water is pumped from the boiler steam drum to the
economiser sections and returned. Saturated steam is

generated in the boiler drum and drawn for consumption.
For all practical purposes, the heat addition is for a single
phase flow of feed water. An alternative to the existing
economiser was developed redesigning the heat exchanger.

Geometric values were adopted from the drawings
developed using SolidWorks® software.The values
obtained from the equations were verified with the stan-
dards. Standard recommendations of Tubular Exchanger
Manufacturers Association (TEMA) were referred to. The
populations for design were thus reduced.Calculations
were done and verified using MS Excel and MATLAB
wares.

Methodologies

The steps followed confirm the basic design procedure
suggested by Bell [10]. The approximations were com-
puted for a shell and tube design with counter flow
arrangement. The basic principles of iterations and step-
wise calculations of software were verified following
illustrative examples of Mukherjee [11]. The summary of
the methodology steps is shown in Fig. 1.
The fundamental equation for heat exchange is

dA = dQ/U - AT (1)

where dA is the elemental area required to transfer the heat,
dQ is the heat at the location, U is the overall heat transfer
coefficient and AT is the bulk temperature difference
between the hot and cold streams. The integrated value of

Fig. 1 Summary of

thodol 1
methodology steps Equations

(1) to (10)

E ti (9) & (10) & Equations

quations

Approximations (11) to (38) &
(39) to (84)

e|dentify heat exchanger duty &
fluids

*Determine temperatures,
pressures and flow rates

*Choose the heat exchanger
type

*Choose materials of
construction

eCalculate approximate values
of LMTD, area, heat transfer
coefficient etc.

*Shell and Tube circuit fluids
are chosen (Consider fluid
properties of heat transfer
coefficient and fouling nature)

*Estimate approximate area
required for transferring
calculated heat

*Estimate the number of tubes.
(Assume standard tube
diameter values)

*Determine tube arrangement

*Determine number of tube
passes. (Consider mechanical
cleaning and accommodation
of number of tubes in the
shell)

*Determine the shell diameter

*Using approximate values
develop deisgns with
SoildWorks® software

*Estimate tube bundle
clearances

*Estimate the number of baffles
and baffle spacing
(Approximate baffle spacing
using formula)

*Use Bell-Delaware method

*Calculate overall heat transfer
coefficient

eCalculate pressure drops

*If calculated value is too small
recalculate

eIf calculated value is too large,
the overdesign has to be
corrected to lessen cost

eCalculate geometric values
for variables of tube diameter,
tube arrangement & tube
materials etc.

*Using the geometric data
develop designs using
SoildWorks® software

*Optimise design on a rational
objective needed for the
application such as pressure
drop, heat transfer area & cost
etc.
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A gives the total area of heat exchanger, provided the
values of U, Q AT and are known.

A=Q/U- AT (2)

Further modifying to suit the shell and heat exchanger
design, Eq. (2) becomes,

Q = UAF ATy, (3)

For initial estimation Q may be equalled as,

Q = U,AFAT), (4)

where U, and A, are approximately computed values. For
the heat balance, the heat absorbed by the cold stream must
be equal to the heat given up by the hot stream.

Q:mC~Cpc(t2 —ll) =my, 'Cph(Tl —Tz) (5)

From these equations, the outlet temperatures of the
process fluids are found. From the range of temperatures
of the process fluids, the LMTD is calculated. The
logarithmic mean temperature difference (LMTD), ATy,
and the correction F depend on the characteristics of the
heat exchanger. The temperatures of the fluids change as
they pass through the heat exchanger depending on the
orientation of the flow. The basic flows assumed for the
designs are concurrent or parallel flow and counter flow.

LMTD AT, = L= = (T = 1) (6)

In[f=2]

The correction factor F is applied for counter current
heat exchangers depending on the number of tube and shell
passes of the process fluids. Though the tube side fluid flow
may be assumed to be unidirectional, the shell side flow is
rather mixed due to the guided flow of the baffles. The
correction factor, F' depends on two factors, P and R.

P indicates the temperature effectiveness on the cold
side and is the ratio of heat actually transferred to the heat
which would have been transferred if the temperature of
the cold fluid was raised to that of the inlet temperature of
the cold fluid.

_ Tc,o - Tc,i
Tp; — T,

(7)

R is the ratio of the cold fluid capacity to that of the hot
fluid capacity, also determined by the temperatures.
~ Thi—Tho

R =
TC,o - Tc,i

(3)

For various approximations at the initial stages of
design, computed curves of F, P, R can be used. The curves
are found in Tubular Exchange Manufacturers’ Association
(TEMA) [12]. For counter flow heat exchangers, the value
of F must be close to unity. In all other cases, the values
lying in the steep sections of the curve must be avoided to

maintain the thermodynamic feasibility of the heat
exchanger design.

Having approximated U,, corrected LMTD and finalised
0, the outside area required for heat transfer and the
number of tubes are calculated from,

A, = N,(nd,)L 9)

The shell size is selected to accommodate the length and
tubes from the standard values. The next step is to calculate
the overall heat transfer coefficient, U, to complete the
iteration loop for approximations.

1 1 1d, d,. (d,
ﬁa—0+a—lz+ﬂln<z> +Rfo+Rﬁ (10)
The fouling resistances on the outside (shell side), Ry,
and the inside (tube side) R; depend on the fluids and
approximations can be applied from available data [13].
The thermal conductivity /4 is tube material specific which
is again assumed from material data. At this stage, many of
the geometric data such as tube diameter, shell internal and
external diameter etc. were approximated and calculations
were done for a reasonable heat transfer coefficient. With
such assumptions, approximate values of heat transfer
coefficients and pressure drops were calculated. While
calculating precise values, Bell-Delaware approaches [14,
15] were adopted. A similar approach projecting a compact
formulation considering baffle leakage and bypass has been
demonstrated by Serna and Jiménez [16]. The iterations for
the present calculations are explained below.

Calculation of Tube-Side Heat Transfer Coefficient

For calculating heat transfer coefficients, similar methods
can be employed, thereby reducing the number of steps.
The heat transfer coefficient is calculated for the whole
tube bundle. The relation to the maximum flow velocity
between the tubes is considered [14]. The dimensionless
Nusselt Number is derived from the general equation,
ol

Nu = - (11)

In the general equation, « is the heat transfer coefficient,
' is the characteristic length of the system and A is the
thermal conductivity.

The heat transfer coefficient for tube side, «; is calcu-
lated from,

i
o = d—;Nu, (12)
To determine the Nusselt Number, the nature of the flow
can be determined by calculating the Reynolds Number.

(13)

Ret - —pthdh

Mt
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A correction for the Nusselt Number may be applied,
depending upon the fluid being liquid or gas.

For Re, > 10,000, with turbulent flow, following equa-
tion is applied [15].

Re,Pr,&/8 d\*?
Nu, = Pric/ 7 1+ <—h> (14)
1+ 12.7\/E/8(Pr;”” — 1) L
This applies to a fully developed turbulent flow for

0.5 < Pr,< 2,000 and 3,000 < Re, < 1,000,000. The
Friction Factor is obtained from & = (0.78In Re, — 1.5)_2.

Calculation of Shell-Side Heat Transfer Coefficient

For obtaining initial values, approximations were obtained
based on relationship between Nusselt Number, Reynolds
Number and Prandtl Number [17]. The general equations
are as follows.

’xodo

N =
“=T

= CRe"Pr'/3 (15)

The constant C is obtained from tabulated values. This
depends on the ratio of tube pitch to the tube outside
diameter. The exponent n is also obtained from the tables.
This value depends upon the tube arrangement being
square or staggered. The Reynolds Number is found using
the general formula involving density, dynamic viscosity,
tube outside diameter and the velocity of flow over the
tubes. The fluid velocity is obtained from dividing the
volumetric flow on the shell side by the cross flow area.
The calculation of the cross flow area is obtained from the
following.

Cross flow area = (Internal Dia. of shell)
- (Baffle Spacing)
Clearance between tubes
Tube Pitch

The Prandtl Number and values for other computations
are computed for arithmetic average of the fluid
temperatures at inlet and outlet. A correction is applied
for the ideal heat transfer coefficient «, to accommodate
the various correction factors due to leakages etc. When the
approximations come close to the assumed values of
overall heat transfer coefficient after several
considerations, a more precise value can be sought using
the following steps.

Here again the shell side heat transfer coefficient is
obtained from the Nusselt Number and the thermal
conductivity.

oA = %Nus (16)

The fluid stream on the shell side flows over half the
circumference of the tube. The characteristic length of this

@ Springer

stream flow ' is taken as m d,/2. Then the equation
becomes,

s
0 = A Nuy 17
= pa, ™ (7

The calculation of the Nusselt Number for the shell side
involves a number of steps and application of correction
factors due to the flow variations on the shell side. Herein
many geometric values need to be determined for the heat
exchanger to get precise values.

The Nusselt Number is the mean value of the values
over the tube bundle.

Nug = f,,Nuy, (18)

The Nusselt Number for the bundle is calculated by
applying corrections to the value for ideal tube bundle. One
correction factor f, is for the effect of the number of tube
rows. The other correction factor f, is for the change in the
physical properties of the fluid’s boundary layer flowing on
the tube surface.

Nuy, = fufpNuip (19)

The mean Nusselt Number for the bundle is obtained
from the calculated value for the tube bundle. This value is
again corrected by the arrangement factor f, depending upon
the tube arrangement being either in-line or staggered.

Nuy, = falNucp (20)

The Nusselt Number for the ideal tube bundle is
computed from Gnielinski equation involving the values
due to laminar and turbulent flows over the bundle. The
following steps are used.

Nitgy = 0.3 4+ \ /N + Ny o)

Nulaminar = 0664@ \z/p'r (22)
0.037ReY$ Pr

Nuturbulent = (23)

1 +2.443Re, )1 (P23 — 1)

The Reynolds Number is calculated for mean velocity
over the tube surface, characteristic length, void fraction
and the kinematic viscosity. The mean velocity is
computed from the fluid velocity in the void space and
the channel width.

1%

=— 24
Ly (24)
V is the fluid flow rate and the area Ay is obtained as a
product of inside diameter of the shell and the baffle

spacing. So for 10 < Rey; < 1,000,000,

A
Rey = v (25)
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Fig. 2 Spacing in Staggered tube bundles

The void fraction is calculated from ¥ = 1 — n/4ab if
b < 1or—mn/daif b <1, where a :%andb :%.Figure 2
illustrates the spacing for staggered tube bundle arrange-
ment from which the transverse pitch ratio a, and longi-
tudinal pitch ratio b are obtained. The physical properties
of the fluid are evaluated at a mean value of fluid inlet and
exit temperatures of the fluid.

The calculation of the correction factors involves further
systematic calculations.

Firstly, the arrangement factor is computed from the
longitudinal pitch ratio.

2
fa:1+*

% (26)

Secondly, f, and f, are ascertained. In a shell and tube
exchanger with segmental baffles, the fluid flow between the
segmental baffles differs from a cross flow across the tube
bundle [15]. Hence f; is neglected or may be assumed as 1.

The other correction factor f,, is dependent on the change
in physical properties of the fluid flowing over the tube
surface. This change is influenced by the nature of the heat
exchange process. For cooling of gases, the correction is
based on the ratio of temperatures and assumed to be 1 for
the design. For heating of liquids with the ratio of Prandtl
Numbers > 1, the correction factor is as follows.

Pr 0.25
fo = (P—rw)

Thirdly, the correction factor f,, is obtained as a product
of correction factors for geometry, leakage and bypass and
these are computed individually.

The geometry correction factor f, is obtained from the
following equation.

fe =1—Rg+0.524R%>

(27)

(28)

R is the ratio of number of tubes in the upper and lower
window sections n,, to the total number of tubes N,.
Approximations can be applied from graphical values also.

The leakage correction factor f; is calculated from the
following equation.
A A
fi= 0.4-52 4 (1 - O.4ﬂ> exp(—1.5R;) (29)
Asg Asg
A, is the sum of all the gap areas. This is the total of all the
gaps between the tubes and baffle holes and the gaps
between the shell and the baffle, resulting in leakages and
affecting the Nusselt Number.

Asg = Agtb + Agsb (30)

The area of gaps A, between tubes and the baffle holes
is computed from the following equation.

(31)

The area of gap A, between shell and the baffle is
calculated from the following equation knowing the
internal diameter of the shell D;, the baffle diameter Dy,
and the central angle of baffle cut [15].

T 360 — 7
Ay :—(DZ—D2 )—
esb = g \Mi T Phat ) 360

n_w) n(d; — )

Agip = (N’ T3 4

(32)

The central angle of baffle cut is calculated in degrees
[15, 18].

2H
y=2cos ! <l - )
Dy

For computing the leakage correction factor, the last
factor to be determined is R;. This is the ratio of sum of the
gap areas to the area for cross flow between two baffles.

A
RL:A_Y:,

(33)

(34)

This area A,, is measured at the row of tubes where the
diameter of the shell is parallel to the edge of the windows.
A, is the product of the baffle spacing S and the sum of
ligament gaps between tubes.

A, =S Lg (35)
The ligament gaps or the sum of the shortest
connections between adjacent tubes and shortest

connections between outermost tubes and the shell is
given by Ly =2e; + Y e. All considered dimensions are
illustrated in Fig. 3.

In this calculation of the leakage correction factor f;,
the gap area A,y must be maintained least, as this con-
tributes to loss of heat transfer. The baffle spacing S is
assumed to be constant. If the baffle spacing in the inlet/
outlet regions and central regions are designed to be
different, further correction has to be applied. The bypass
correction factor f;, is then calculated. Here again the
flow between the inner surface of the shell and the
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D;

Fig. 3 Staggered tube layout

outermost row of tubes does not contribute to the heat
transfer. In many shell and tube designs, sealing strips
are provided to reduce this loss.

fo = exp [—/ﬂ@(l — 2”)] (36)

nmr

A value of 1.5 or 1.35 is taken for the constant f§
depending on the flow being laminar or transient/turbulent.
The number of pairs of sealing strips is given by ng and n,,,
represents the number of main resistances. The number of
main resistances is for the fluid cross flow as it occurs
between the upper and lower edges of adjacent baffles. The
above equation holds good for the number of sealing strips
being less than half the number of main resistances and
where it is greater (n, > n,,/2), the value of f}, is taken as 1.
Otherwise for computations, the ratio Rp needs to be
calculated.

Ap
Rg = A, (37)
A, is the cross sectional area resulting in the bypass and is
obtained from the product of baffle spacing S and the
computed diametrical clearance from internal diameter of
the shell, the bundle diameter and the dimension e.

Ab = S(D, — Dbun — e) (38)

The value of f, was assumed to be unity as no sealing
strips were assumed to have been fitted.

@ Springer

Calculation of Tube-Side Pressure Drop

The general equation for computing the tube side pressure

drop, assumed to be mainly due to friction, is as follows.

NTP - L p,w?
d; 2

Aptubef = ffriction ’ (39)
The friction coefficient &gjc0n can be obtained from
equations or from graphs. The coefficient is dependent on
the flow characteristic being laminar or turbulent as also
the roughness of the tube. Approximate values for drag
coefficient are obtained from graphs [15]. The pressure
drops at nozzle entry/exit, flow etc., are termed as return
losses and approximated using the following formula.
GZ
Apreturn = 4NTP - 2_,0tt (4’0)
The mass flow velocity G, is computed from the
following general equation.

_ Tube side Mass Flow Rate
~ Flow Area available | Tube Pass

G, (41)

N (Cross sectional area of onetube)

NTP

Flow Area available =
(42)

The addition of Apyp.; and Ap,en, would give a good
approximation of the tube side pressure drop. For precise
values, extensive iterations are required, especially for gas
flows in the tubes. The total pressure drop is the addition of
drops in the inlet and outlet nozzles, inlet and outlet
sections including any baffles and due tothe friction.

Aptube = Apn + Ape inour + Apfriction (4‘3)
Tube Side Pressure Drop in the Nozzle Sections
Apn = APin noz + APout noz (44)

The general equation for computing the pressure drop
involves the drag coefficient, density and the velocity of
the fluid in the nozzle. This is applied for inlet and outlet
nozzles and the results are added up.
cAp

2
zwnuzzle

Apm)z = (45 )

The fluid density variation due to temperature variation
may also be applied if the temperature at nozzle entry can
be approximated. For higher estimates of pumping power
and costs, the densities and velocities may be assumed to
be the same. The assumption of higher values will result in
higher pressure drops and hence increased pumping power
etc. Otherwise, the velocities at inlet and outlet nozzles are
calculated separately using the respective densities, the
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nozzle inside diameters and the tube side mass flow. The 2franning * G2+ Di(Npagne + 1)
general equation is as follows. Apshen = (52)

4m;
7 - D?

nozin pnoz

(46)

Whnozzle =

Tube Side Pressure Drop in the Inlet, Outlet Sections

plW,Z
2

Ape inout — Ke (47)
The pressure drop factor K, is a constant depending upon the
number of tube passes and varies from 0.9 for a straight tube/
one pass to 1.6 for multiple passes in a U-tube configuration.
Further, the velocity inside the tube and standard density are
considered. The velocity is computed for one single tube by
dividing the flow with the total number of tubes.

4m,

- 48
diz'pz'Nt ( )

Wy
Tube Side Pressure Drop Due to Friction

The pressure drop due to friction is computed by applying a
correction assuming uniform fouling of the tube surface.

APfriciion = APwbe friction * Fi (49)

The pressure loss due to friction is obtained from the
tube velocity, tube length, the number of passes, standard
density, tube inside diameter and the drag coefficient due to
friction.

-w? - NTP-L
Aptuhefriction == zémbe pltT

étube = étubein Q- ¥ (51)

The drag coefficient &, ;, is obtained from the graphs
for the specific Reynolds Number. For approximations, the
value of Re, can be applied. The Reynolds Number can be
obtained from the general equation. The drag coefficient
Eve in 18 corrected by applying the viscosity correction
factor ® and the convection correction factor ¥ to get the
drag coefficient &,,,,.

For approximating convective conditions, computations
have to be done using the Prandtl Number, Grashof
Number, the ratio of dynamic viscosity at mean tempera-
ture to that of wall temperature and other factors. For good
approximations, the correction factors may be considered
as unity. The Fouling Factor F; is also assumed to be 1.
Else the same is calculated by considering tube thickness
and the tube outside diameter with more computations.

(50)

Calculation of Shell-Side Pressure Drop

For good approximations, the following formula is applied

[9].

0 0.14
Ps - Dequi (ﬁ)

The factor fruning 18 referred to as the Fanning friction
factor. The mass flow velocity G, is calculated similar to
the tube side equation but considering the mass flow and
cross flow area on the shell side.

G, = Shell side Mass Flow Rate (53)
Cross flow Area
Tube Clearance (e))

Tube Pitch

Cross flow Area = D; - S( (54)

The calculation of equivalent diameter D,,,; involves
the tube outside diameter, tube pitch, and a constant based
on the tube arrangement. The estimated values of constant
for square or staggered arrangements are obtained from pre
calculated tabulations.

A closer pressure drop for the shell side is obtained
by considering the drops in cross flow (central and end
sections), window and the nozzle sections as developed
in the Delaware Method. The comprehensive equation
for the total shell side pressure drop is as follows.
Figure 4 shows the regions of the pressure drops in the
shell.

Apshell = (Nb - I)qu + Zque + Nbpr + Apn (55)
Shell Side Pressure Drop in Central Section

The calculations of each pressure drop follow several steps.
The steps for calculating each pressure drop is given in a
progressive manner. Firstly, the pressure drop in the central
section lying between two adjacent baffles is calculated.
The upper and lower edges of the baffle cuts are treated as
the boundaries for this section.

Apg = Apqafifs (56)

In the above equation, Ap,, represents the pressure drop
when the flow occurs with no leakage and bypass effects.

2
4 pswe
quo = Csth * Pmr - T (57)
The characteristic velocity w, is given by,
1%
= — 58
we =4 (58)

This is the mean velocity measured at a tube row nearest
to or at the shell diameter parallel to the baffle cut edges. V
is the volumetric flow in the shell circuit.

The drag coefficient for the tube bundle &, for a stag-
gered tube arrangement is computed from the following
equations.
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Fig. 4 Shell side pressure drop
regions
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Rey + 200
éstb = élam 'le + élurb 'fz[ |:1 — exp (— 14)]

1000
(59)
where the drag coefficient due to laminar flow,
falv
= 60
élam Rexl ( )
where,
2807 | (6% - 0.6)*+0.75
falv = (61)

(4ab — m)a'®

The above equation is applicable for b > 0.5 v/2a + 1
and for b < 0.5 v/2a + 1. In the denominator, instead of
the transverse pitch ratio a, the diagonal pitch ratio ¢'® is

05
substituted. The diagonal pitch ratio ¢ = ((a / 2)2+b2> .
The drag coefficient for turbulent flow is then obtained.

Jar

(Resl )0425 (62)

étul‘b =

fary 18 a factor based on the transverse and longitudinal
pitch ratios.

12 b :
=25+ ——= | +04(=—1
Ja i ((a —0.85)"08) " (a )

(63)

Reynolds Number Reg; is computed using the
characteristic velocity and the mean dynamic viscosity.
d
Re,y = eCoPsm (64)
nsm

The correction factors for the drag coefficients f,; and f,, are
obtained using the Reynolds Number, dynamic viscosities at
mean and wall temperatures and the pitch ratios.

_ os1
fa= (ﬂ) (e 1)rey [
T o

n 0.14
o-(2)
Nsm

@ Springer

(65)

(66)

The dynamic viscosity and density are calculated for the
mean fluid temperature in the shell circuit.The leakage and
bypass correction factors f; and f3 specific for tube bundle
pressure drops are obtained from following steps.

fi = exp[—1.33(1 + Ry)R} (67)

The factor 7 is given by [—0.15 (1 4+ Ry,) + 0.8], where
Ry = f:i’b. The sum of all gaps A, and areas of all gaps
between tubes and holes Agqp are as calculated earlier for
computing the heat transfer coefficient.

The bypass corrections factor fp is computed from the
similar equation for computing heat transfer coefficient but
with different considerations.

fp= €XP{—/3RB<1 - Q/TRS)}

The equation is valid for Rs< 3. Here, the constant
p = 4.5 (for laminar flow <100) and 3.7 for transition and
turbulent flows (Re > 100). The ratios are computed as
follows.

(68)

Ry =4 (69)
Ry =5 (70)
Ny

If no sealing strips are used in the design, Rg works to
zero. These steps help in computing the pressure drop Ap,
in the central cross flow section.

Shell Side Pressure Drop in End Sections

The next calculation is for the pressure drop in the end
cross flow sections. The end cross flow section is identified
as the region between the tube sheet and the immediate
baffle. Figure 5 illustrates the path of the leakage streams
in the cross flow sections.

The inlet section does not have a preceding leakage
stream and the outlet section does not have a succeeding
stream as in the central cross flow sections. Ignoring this,
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Main Fluid Flow

Tube Central Axis
Leakage Streams between tubes and P
baffle holes & between baffles and shell P

CENTRAL CROSS FLOW

Fig. 5 Path of leakage streams in cross flow sections (shell side)
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Fig. 6 Staggered tube arrangements: calculation of main resistances

the pressure drop for the end cross flow section is calcu-
lated. Again, if the bypass streams are non-existent then,

que = queo -fB (71)

When the baffle spacing in the central section S and S, in
the end sections are not equal, the equation similar to
pressure drop in central section is applied.

PWe
2
The drag coefficient is as calculated earlier but for a
different Reynolds Number as computed below for the end
zone. In other related computations, the values have to be
related to this Reynolds Number for the end section.

S
Re, = Rey 'S (73)

Apge0 = Cotp * Mmre (72)

The number of main resistances in the end section will
differ from that of the resistances in the main section. The
resistances are counted from the end view sketch of the
tube arrangement. Figure 6 shows a typical view for
staggered tube arrangement with five main resistances
(exemplar)for the central cross flow sections.

The velocity in the end section is obtained from the
following equation.

Wee = A_ee = W, S_e (74)

Shell Side Pressure Drop in Window Section

The window section pressure drop Ap,, is calculated next.

pr = \/Apgv lam + AP»ZV turhfoL (75)

56 52 S pvwf
A wlam = | 7~ Hmrw 7 N\ 2 —
P ()" " (e (dg> - ( 2 )

Nsm Nsm

(76)
pw2
Apy 1y = (0.67,, + 2) (—SZ Z) (77)

The number of mean resistances #,,,, is obtained from
0.8H/s, The equivalent diameter d, for the flow section is
obtained from

dy="" (78)

The cross sectional flow area A,, and wetted perimeter in
the section U,, are obtained from the following steps.

Ay = A — A, (79)

The cross sectional area A,,, is the total area of section
including the area of the tubes in the window.

T Y (Dpag — 2H)Dpy .7
A = 5D} (505) == sin () 80
'~ 471 \360 4 V) (80)
The area of the window tubes A, will be the product of
the outside area of a single tube and the number of tubes in
the upper and lower window sections.
The wetted perimeter is calculated thus.

Uy = nD; (360) Tt d(nz) (81)

The characteristic velocity for the window section w, is
calculated thus.

w, =

(wewp) (82)

where w, = V/A,,.

The temperature correction factor f, would be chosen
according to laminar or turbulent flow characteristics
affecting the physical properties. This is determined by the
value of the Reynolds Number.

The last pressure drop in the inlet and outlet nozzles to
be calculated is Ap,,. The nozzle diameters are designed to
be equal in diameter and the pressure drop is also assumed
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to be same in each and will be cumulatively twice the
calculated drop.

pwa
2

Apn = inoz (83)
The drag coefficient &,,, is assumed to be unity and the
characteristic velocity is calculated from the volume flow
and the nozzle area.
1%

T .

w, =
While approximating the baffle spacing, formula 74 d%7
may be employed. The number of baffles can be approximated
using formula (L/S) — 1 equal to the number of baffles.
The above approaches including calculation of approx-
imate values are comprehensively shown.

Results and Discussions
Design Considerations and Calculations

Referring to the steps given in Fig. 1, the heat duty was
computed using Eq. (5) while the flow rates and temperatures
were adopted from the ship’s data. The significant calculation
steps are summarised in Fig. 7 and values obtained using
other equations are tabulated in “Appendix” section. The
geometric dimensions extracted from the software and used
for computations are shown in the columns of Tables 6 and 7.

Keeping the area as the objective for optimisation, two
designs with different tube diameter were developed. The
chosen tube diameter of 50 mm suited well for the sizing.
The limiting factor was the size of the final design which
was dependent on the tube length. With the chosen tube

Fig. 7 Summary of calculation

Table 2 Primary data

Item Tube side Shell side
Fluid Flue gas Water
Flow rate 218,900 kg/h 25 m’/h
Inlet temperature 250 °C 50 °C

Operating pressure

150,000 Pa, (abs)

1,000,000 Pa (abs)

Table 3 Data calculated for new design

Tube side Shell side
Mass flow 218,900 kg/h 23,938 kg/h
Inlet temperature 250 °C 158.5 °C
Outlet temperature 202.1 °C 165 °C
Mean temperature 226 °C 107.5 °C
Density 1.053 kg/m® 957.5 kg/m®
Specific heat capacity 1,103 J/kg K 4,204 J/kg K
Thermal conductivity 0.03846 W/m K 0.6861 W/m K
Dynamic viscosity 0.02498 mPa s 0.2635 mPa s
Velocity 31.08 m/s 0.02412 m/s
Table 4 Thermal data: shell and tube design
Parameter
Heat duty 3,215 kW
Thermal conductivity, tube wall 52 W/m K
Heat transfer coefficient (inside) 109.4 W/m* K
Heat transfer coefficient (outside) 692.1 W/m? K
LMTD correction factor 0.997
LMTD 115.3 °C
Overall heat transfer coefficient 72.56 W/m? K

steps

Heat Transfer Coefficient, Tube

Calculate Reynolds
Number to determine

Heat Transfer Coefficient, Shell

@ Springer

flow charactristic

Calculate Nusselt
Number for the flow

Calculate heat
transfer coefficient

Calculate Reynolds
Number to determine
flow charactristic

Calculate correction
factors

Calculate Nusselt
Numbers applying the
correction factors

Calculate mean value of

the Nusselt Number over

the tube bundle

Calculate heat transfer
coefficient

Pressure Drop, Tube

Calculate the Pressure Drop, Shell
pressure drop in

nozzle sections
Calculate the

Calculate charactristic
velocity, coefficients and
pressure drop in the correction factors
inlet and outlet Calculate geometric values
sections (end covers) and verify with

i ®
Calculate pressure  SolidWorks
drop due to friction  Calculate pressure drop in
Add the values o central section
obtain total pressure Calculate pressure drop in
drop end sections

Calculate pressure drop in
window sections
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diameter in staggered arrangement, the final area worked to
444.1 m* (overdesign 4.43 %). The number of tubes also
was higher at 1,285. This design was improved to the
current count of 1,099 by increasing the tube length
resulting in a reduced area to 414.3 m? (overdesign 7.5 %).

For further validation of the geometric design, two
physical values were changed and calculations were done.
Firstly, one baffle was removed and pressure drops com-
puted. The obtained values were within limits. Secondly,
the tube pitch was reduced to 1.25 d, (62.5 mm) and the
tube bundle diameter was calculated using the following
equation [19].

Dy = dy(N;/Ky)w (85)

The exercise was to check if this could reduce the area
and hence the overall sizing. Furthermore, tube bundle
diameter affects both heat transfer coefficient and pressure
drops but has greater significance if sealing strips are used.
Since the design had no sealing strips, reduction in area
was tried varying this parameter.

Table 5 Geometric data comparison

New design Existing design
Number of 1,099 160 finned tubes
tubes
Tube Material Steel Steel
Tube 50 x 1.8 x 2,400 mm 38.1 x 3.5 x 2,770 mm
dimensions
Tube pitch Triangular 21 x 60°
Inlet nozzle 2,020 mm (tube side) 1,883 mm (gas side)
diameter

Outlet nozzle
diameter

2,020 mm (tube side) 1,883 mm (gas side)

Inlet nozzle
diameter

140 mm (shell side) 80 mm (water side)

Outlet nozzle 140 mm (shell side) 80 mm (water side)

diameter

Shell diameter x thickness

2,400 x 20 mm

Shell 6,500 x 2,400 mm 3,602 x 2,200 x 2,994 mm
dimensions

Number of 3 na
baffles

Baffle pitch 472 mm

Area required 385.4 m>

Area desired  414.3 m® 536 m?
in design

Area 7.5 %
overdesign

Pressure drop 1,488 Pa <100,000 Pa (designed)
(tube side)

Pressure drop 304.6 Pa

(shell side)

When the reduced value of tube bundle diameter
2,241.3 mm was applied to the software drawing, the lig-
ament (free) area in the end plates was weakened though
not much variation in heat transfer coefficient and pressure
drops were seen. The tube bundle diameter was restored to
2,305 mm. With such approaches, no further reduction in
area could be achieved. With the finalised design, gas
velocity was slightly increased over targeted 30 m/s. The
pressure drops were within limits of the targeted 10 kPa
(gas) and 70 kPa (water).

The primary data assumed for design are projected in
Table 2. Further data which were obtained from design
handbooks for calculations are projected in Tables 3 and 4.
Using the drawings from software and the iterations, fina-
lised geometric data are projected in Table 5. Figures 8, 9
and 10 shows the arrangement of the new design. Figure 11
shows the comparison of the existing and the new designs.

Comparison

Referring to Table 5 and Fig. 11, the features of the new
design may be compared. The number of tubes has
increased nearly six times but the effective length has been
reduced. The number of tubes was accommodated in the
shell keeping the requirements of tube count data referred
to by Perry [18].

In the existing design, the area required is complemented
by the fins fitted on the tubes. In the new design, tube surface
alone forms the heat transfer area with a reduction of
22-23 % from existing area. The tube diameter has been
increased and arranged to handle the gas whereas in the
existing design, water flows through the tubes. The increased
size will facilitate better cleaning of the tubes.

The new tube thickness is half of the existing design
resulting in improved heat transfer coefficient. The tube

Fig. 8 Tube arrangement of new design
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length to shell diameter ratio is 0.98-1 limiting the length
of the heat exchanger. The reduction in tube length and
area will improve the vibration characteristics. The nozzle
sizes were slightly increased for the shell and tube design
to avoid the backpressure on turbochargers and the circu-
lating pumps.

@ 2020
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Fig. 9 Principal dimensions of new design

Fig. 10 Visualisation of the new design

The extreme shell dimension worked to almost twice the
extreme length of existing design. This implies that the
location of the new heat exchanger has to be horizontal,
either in the athwart ship or longitudinal direction. The space
availability for this was confirmed with the ship’s drawings.

Of the non-comparable features, baffles were chosen for
an ideal support of the bundle with 20 % cut. The baffle
pitch was fixed at the prescribed 1/5 of the shell inside
diameter. This optimised design aimed to reduce the
leakages in the bypass streams.

Energy lost in exhaust gases of a diesel engine could
vary from 25 to 40 % of the input energy [20, 21]. Present
day research efforts in harvesting the waste heat from
exhaust gases focus on reducing emissions and improving
efficiency [22]. A well-designed heat exchanger is imper-
ative for realising these objectives. Considering the
recovery functions and heat duty, the shell and tube rede-
sign appears viable. Designing methods based on known
economic and technical parameters have been demon-
strated earlier [23]. In the current study, the new design
fares better in terms of simplicity of construction, lesser
heat transfer area and pressure drop.

Conclusions

In comparison with processing industry applications,
shipboard resources are limited. So, marine applications
require designs with lesser excessive margins. On similar
lines, designs have been worked using values obtained
from software drawings. An approach involving theoretical
calculations and engineering software has been demon-
strated with this study considering such factors.

Acknowledgments The author is thankful to MISC Berhad for the
information and data on shipboard heat exchangers.
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Appendix

See Tables 6 and 7.

Table 6 Design calculations: heat transfer coefficient

Equations Sub equations/attained values

Remarks/geometric dimensions

Heat transfer coefficient, tube side
% = 2 Nu, = 109.4 Nuy = — s _[1 4 (4)7] =132

14+12.7/&/8(Pr3—1)
Fully developed turbulent flow for 0.5 < Pr,; < 2,000

and 3,000 < Re, < 1,000,000
Friction Factor ¢ = (0.78 InRe, — 1.5) 2
Re, = Pg—”” = 60776
Re, > 10,000, with turbulent flow
Heat transfer coefficient, shell side
% = % Nug = 699.1 % = G N
! is taken as (m.d,/2)
Nug = f,,Nup, = 717.75

ﬁv :fgflfb
= 1.079 x 0.7766 x 0.9161
=0.7679
Nuy, = fufpNuyp = 101.2
f» = 1 factor for effect of tube rows
Nuip = faNucp
Nutcp = 0.3 + v/ Ntfingy + Ntygens = 6359
Nttiaminar = 0.664/Rey; - /Pr = 52.22
Rey; = le = 4494

=V
W=z

Ay is product of inside diameter of the shell and the baffle spacing

Void fraction
V=1-—mn/4abif b>1lor 1 — n/4aif b<1,

whereazi—landbzs—2
‘ 0.037Re%8 Pr
1
Nugrputens = SETYAEERY = 7 =35.76
, 142443Re 01 (Pri-1)
Jo=143;=1.592

Arrangement factor

Correction fasctor for change of physical properties in fluid flow

02
=) =102
Geometry correction factor
fe =1— R +0.524R%»? = 1.079
Leakage correction factor
fi=04% (1 - 0.4:%)’:)exp(fl.5RL) = 0.7766
Ay = Agpy + Aggy = 0.07613
n(d?—d?

Agr = (N +%) (i -2) o ) — 0.06048

z 360—y
Agp =% (Dg — D}, ) 305 = 0.01565
y =2cos™! (1 — 2H

Dpas
A, =S Lg
LE:2€] +Ze

d, =0.464
(hydraulic diameter
= inside diameter)

Egs. (12, 13, 14)

d, = 0.05 (outside diameter)

(Egs. 16, 17, 18, 19, 20)

(Egs. 21,22, 23, 24, 25)
D, = 2360; S = 472
S = 65; S» = 56.29

(Egs. 23, 26, 27, 28)

e=15,¢;, =50
Ly =610

d, = 50.8

n,, = 288

y = 106.4°

(Eqgs. 29, 30, 31, 32, 33, 34, 35)

Geometric data required: Shell inside diameter, Tube bundle diameter (Diameter of Circle touching all the outermost tubes), Baffle diameter,
Outer diameter of tubes, Baffle hole diameter, Height of baffle cut, Baffle spacing, Transverse and longitudinal pitch, Sum of shortest
connections, Number of tubes, Tube arrangement (staggered/in-line), Number of tubes in upper/lower window sections, Number of main

resistances
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Table 7 Design calculations: pressure drops

Equations Sub equations/attained values Remarks/geometric dimensions

Pressure drop, tube side

Apube = Apn + Ape in our Apn = Apin noz + APous no: = 168.4 + 154.5 Dioz in = 1,998 (Inlet nozzle

+APyriciion = 1,488 Pressure drop in the nozzle sections inside diameter)
Zp (Eqgs. 43, 44, 45, 46)

Apnoz =

m
Wnozzle = 7p7

Pressure drob ;r:)the inlet and outlet sections K. assumed 0.9

Ape in ou = Ko 222 (Egs. 47, 48)

Wi = T

Pressure drop due to friction @, ¥ assumed to be unity
ADriction = APwbe friction * Ft (Egs. 49, 50, 51)

2
hy  poWENTPL
Apube friction = 2Eupe " 7

Eube = Eubein = PV

Pressure drop, shell side

Apshenn = (Np — 1)Apq Pressure drop in central section N, =3

+24pge + Npdp,, Ap, = quoflfB — 1.858 T = 25

T Ap, = 304.6 2
Apgo = Eutp + My - 25 = 4775 (Egs. 55, 56, 57, 58)
W=
Eap = Ctam *fa + Eunp [ [1 — exp(— 24t ] = 06858 (Egs. 59, 60, 61, 62, 63, 64, 65, 66)

2807 [ (103 -0.6)° +0.75

Jarw = 7[((40,, ,,)H)m } =205.1

fan =25+ (i) +04( - 1) = 5.342

Ve do
Rey == mmpm

05
fu= (”L) [ oeea™ = 0.9917
" 0.14
o= () = 0984
Clam = 2= = 0.04682
Curs = sy = 06565
Leakage correction factor (Eq. 67)

fi = exp[—1.33(1 + Ry)R; | = 0.4948

r = [~0.15(1 + Ry) + 0.8]

Ry = *;J = 0.2055

Bypass correction factor (Eqgs. 68, 69, 70)

[z =exp P[)’RB(I — \’/2_1‘?;)} = 0.7866

Rg =4 = 0.06489

Rs = "’% = 0 (no sealing strips)

Pressure drop in end sections (Egs. 71, 72) S, = 492
Apge = Apgeo - fz = 4.612

Apgeo = Eup - Mo - L35 = 5,863

Wee = 7= = W i = 0.02314

A,

Pressure drop in window section (Eq. 75)
Apw =4/ APy T AP 2 = 0.7328

_|_s6 2 (s P\ _ .
Apwtam = | s Mo + 7y (37) + 2| (777) = 0.5594 (Egs. 76, 78, 79, 80, 81)

Gag ™ Gy 7o

Nre = 0.8H /53 =
dy == = 55.74 Dyyy = 2354
Aw = Awt - Ar

A =103 (5g) = i

Uy = D) () + 7, (5)

)

o2

APy = (0.6 +2) (”T) = 1397 (Egs. 77, 82)
we =/ (wewp)

wy = V/A,

Apy = o 2225 = 286.8 (Egs. 83, 84)
W =2

7%

Geometric data required: Shell inside diameter, Tube bundle diameter (Diameter of Circle touching all the outermost tubes), Baffle diameter, Outer diameter of tubes, Baffle hole
diameter, Height of baffle cut, Baffle spacing, Transverse and longitudinal pitch, Sum of shortest connections, Number of tubes, Tube arrangement (staggered/in-line), Number of
tubes in upper/lower window sections, Number of main resistances, Nozzle diameters, Number of baffles
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