DESIGN AND OPERATION OF A SHELL AND TUBE HEAT EXCHANGER
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CHAPTER ONE

INTRODUCTION

The most common type of heat exchanger used in industry contains a number of parallel tubes enclosed in a shell and is thus called a shell and tube heat exchanger.  These heat exchangers are employed when a process required large quantities of fluid to be heated or cooled.  Due to their compact design, these heat exchangers contain a large amount of heat transfer area and also provide a high degree of heat transfer efficiency.

Over the years, many different types of shell and tube heat exchangers, have been designed to meet various process requirements.  In the industry today, heat exchangers are most often designed with the aid of software program.  Given the required specifications for a heat exchanger, these simulators perform the appropriate calculations.

In this project, we try to use a computer approach in designing a shell and tube heat exchanger.  We started by designing an algorithm that covers the chemical engineering design such as the estimation of fluid and material properties, film and overall heat transfer coefficient, exchanger surface, tube layout and pressure drop.  It also covers the mechanical engineering design of calculating the shell and channel thickness, shell cover thickness, channel cover thickness e.t.c.

These algorithm was translated unto a program using a micro soft visual basic 6.0, an object oriented computer programming language.

With this program, the computer takes over and automatically per for all the complex computations with little or no human effort and gives an output which is the design information needed.

CHAPTER TWO

LITERATURE REVIEW

In today's Economy, it is necessary to obtain the anticipated maximum overall efficiency and reliability at minimum cost.  To achieve this goal, the unit with all its component parts and auxiliaries must comprise a balance design.  Each element must be proportioned correctly and bear proper relationship to all other elements.  The owner, the engineer and the manufacturer have a common interest in obtaining the most suitable installation, an interest that requires their close cooperation.  A fully satisfactory installation reflects good judgment.  Improper or inadequate components presents problem that must be shared by all concerned.

CLASSIFICATION OF HEAT EXCHANGERS

As its name implies, heat exchangers can be classified into two.

Stationary heat exchangers

Locomotive heat exchangers

STATIONARY HEAT EXCHANGERS 

As its name implies, stationary heat exchanges are heat exchangers that can not be carried about.  They are installed and fixed to a particular place.  They include:

(a)
Low pressure heat exchangers

These are heat exchanger that operate at pressure not 15 P81, and all water boilers for operation at pressure not exceeding 160 P Si and temperature not exceeding 250of.

(b)
Power Heater:
These are heat exchangers that operate at conditions exceeding those specified above.

(c)
Miniature Heaters:
These are heat exchangers of fired vessels that do not exceed the following limits.

16- in inside diameter of shell

5 cu ft gross volume, exclusive of casing and insulation.

20 – sq ft water heating surface 

100 – Psi maximum allowable working pressure 

LOCOMOTIVE HEAT EXCHANGER

Mobile heaters for railway.  Locomotives are constructed in accordance with the as me heat exchanger code.

MARINE HEATER

Marine heaters are constructed in accordance with U.S coast Guard’s marine Engineering Regulation and material specification” or the US Navy” General specification for machinery”.

THESE ARE CERTAIN EXCEPTION LISTED IN ALL THESE CODES

CATEGORIES OF HEAT EXCHANGERS

Heat exchangers can be categorized into 

(a)
Regenerators:
These heat exchanger have the two fluids – The hot and the cold fluid, flowing counter currently in the same space with little physical contact with each others as possible.

(b)
Open type heat exchangers:
In this heat exchanger, a complete mixing of the fluid takes place.  The hot and cold fluid flow into an open chamber mix exchange heat and leave as a single stream.

(c)
Closed type heat exchangers:
In this heat exchanges, the two streams the hot and cold fluids are separated by wall.  They do not mix physically. 

TYPES OF HEAT EXCHANGERS

Heat exchangers are classified according to the constructional arrangement and the pattern of flow of the fluid.  Based on the can be said to have either parallel according to the count current flow.  A cording to the constructional pattern, it is classified to be either shell type exchanger flat plate exchanger.

SHELL AND TUBE HEAT EXCHANGER

From the point of cost, space and pressure drop requirement, the shell and tube heat exchanger is preferred to many heat transfer process, especially those encountered in the petroleum industry.  These heat exchangers consist of a bundle of tubes through which one fluid passes, while the other fluid flow past the tubes and is contained by the shell fluid across the tube bundle in order to obtain the high heat transfer rates associated with flow past tubes banks.  Large leader are used at the entrance and exit to make the flow uniformly distributed throughout all the tubes.  The mechanical design of a shell and tube heat exchanger is not a trivial matter for the tube sheets, baffles and heater must be constructed in a way which will withstand the thermal strains which are set up when the exchanger is in operation.

An analysis of the one shell tube pass exchanger will follow precisely that for double pipe heat exchanger.  Examining the flow pattern suggest that the temperature of the shell fluid varies significantly as it flours across the tube bundle, in addition to varying with longitudinal position in the exchanger.

TWO TUBE – PASS ONE SHELL PASS EXCHANGER 

The two tubes pass one shell pass exchanger configuration is the most obvious extension of one shell pass, one shell pass, one tube pass heat exchanger.  This might be used instead of the one tube.  Pass version if high tube velocity are required in order to increase the tube side heat transfer coefficient.  This can be accomplished by doubling the length of the exchanger.  

MATERIAL FOR CONSTRUCTION

Selection of construction material is controlled by AS ME heat Exchanger code (“Material specification”) power heaters are usually constructed of special steel.  In the selection of heat exchanger construction material, corrosion plays a key role.  Also graphite, ceramics, glass, bimetallic tube nickel, Bronze, silver can be used. 

TUBE SHARE AND POSITION

The tubular heating surface may be classified as follows:

By form – either straight, bent or sinuous

By inclination – horizontal inclination or vertical 

FIRING

The heat exchanger may be either fired or unfired pressure vessel.  In fired heat exchanger, the heat applied is a production of fuel combustion.  A non-fired heat exchanger has a heat source other than combustion.

HEAT SOURCE

The heat source may be derived from:

1.
The combustion of fuel (solid, liquid or gases)

2.
The hot waste gases of other chemical reactions.

3.
The application of electrical energy

4.
The utilization of nuclear energy 

DESIGN APPROACH OF A HEAT EXCHANGER 

Diverce designs have been due to varying pass arrangement, baffle and shell alignments.  Either the shell side or tube side fluids or both may be designed to pass through the exchanger several times in con current, counter current or cross flow.

A simple but efficient heat exchanger can be constructed of a concentric pipes with in a pipe (double pipe).  One fluid flow in the inner pipe while the other flows in the outer pipe; con currently or counter currently.  There has been much emphasis an cramming more heat transfer surface unto less and less volume.  Thus extended surface exchangers (those built with fan tubes) are finding wide application.

Another major resistance that must be considered in design is the formation of dirt and scale deposit an either side of the barrier wall.  This resistance may become so great that the exchange will have to be removed from service periodically for cleaning.  More labour is required to remove deposits on the shell side.  After removal of the tube bundle, special cleaning method such as sand blasting may be necessary.

According to D.Q Kern, he suggested that method are available to design heat exchanger to run forever with one shutting down for cleaning.  “Commercial units designed in this fashion are operating today”

Another problem is the allowance for differential thermal expansion of metallre parts.  In responds to this M.S peters suggested that:

1.
The cooler fluid should be first introduce 

2.
The hotter fluid should be added slowly 

3.
Be sure the entire unit is filled with fluid and there are no pockets or trapper invent gas.  If any, we bleed value to remove it.

4.
The hot fluid should be shut off first.   

5.
Drain any materials that might freeze to solidify as the exchanger cools.

6.
When starting up or shutting down, drain any steam condensate from heat exchanger.

DESIGNING A HEAT EXCHANGER

In designing a heat exchanger, care must be taken for the desired capacity and its reliability, as this can constitute problems in the heat transfer rate.  Also the over all cost must not be unnecessarily high.  Standard parts and fitting must be used.  Its unit must be simple and compatible one with another.

Less heart transfer area can be achieved by designing the heat exchanger with increase fluid velocities thus high heat transfer coefficient.  But this increase fluid velocity on the other hand, increase the pressure drop and this leads to higher pumping and operational cost.  Thus a balance pint should be maintained in between these depending on the choice of the designer, he will either choose a low operational cost and low heat transfer rate or high operational cost and higher heat transfer coefficient.

The flow path should be considered.  The more corrosive or dirty fluid should be made to flow through the tube side while the fluid of high viscosity or gas should be made to flow through the shell side.

ESSENTIALS IN HEAT EXCHANGER DESIGN

In the design of a shell and tube heat exchanger, the following points should be studied.

1.
The phase change involve in the system that is looking at the boiling point compared with the entrance and exit temperature e.g in candle production, at the initial stage, the product is usually in liquid form but its temperature is reduced, the product becomes solid as a result of different inlet and outlet temperatures.

(2)
The zones involve in the system.  By zones we mean regimes of phase changes tubes the overall heat transfer coefficient will vary.





From the above diagram, chemical I enters the shell at 200oc as supper heated vapour.  In zone I, it releases heat to the tube side chemical (chemical 2).  Zone I ends just as chemical I begins to condense.  The tube side chemical enters as liquid or gas and does not change phase throughout the exchanger.  In zone 2, chemical 1 condense to completion while chemical 2 continues to increase temperature.  Finally in zone 3, 60 chemicals are liquids.  Chemical 1 is liberating heat to chemical 2 as it becomes a sub cooled liquid and exits the shell at 100oc.

(3)
The flow rates and operating pressures involves in the system.  This information is necessary in establishing the mass and energy around the exchanger.

(4)
The physical properties of the stream involved.  These are heat capacity, viscosity, thermal conductivity, density and latent heat.  

(5)
The estimated area of the exchanger.

This is a very important point in the design of a heat exchanger.  First of all, the heat transfer coefficient to be used will be estimated using this expression thus; Q = UoADTm, from which the preliminary area will be estimated by making A the subject of the formular ie

A = Q

       UoDTm.

(6)
The allowable pressure drops and velocities in the exchange.

In the design of heat exchanger, pressure drops are very important to study because as the pressure drops, it also reduces viscosity and the fluids ability 6o transfer heat.

(7)
The duty of the system

This is studied by writing down the simple energy balance from one of the system.

(8)
What geometric configuration is right for my exchanger.  Now that you have an area estimate, it’s time to find a geometry that meets your it’s time to find a geometry that meets your needs.  Once you’ve selected a shell diameter, tube sheet layout baffle and tube spacing, etc.  tube sheet layout, baffle and tube spacing, etc. It’s time to check yours velocity and pressure drop requirements to see if they have been met. 

(9)
Now that I have a geometry in mind, that is the actual overall heat transfer coefficient?  This is where you will spend time in designing a heat exchanger.  Although many text books show Nu= 0.27(Re)0.8(Pr)0.33 as the “finishing equation fail to tell you is that the exponents can vary widely for different situation.  For example condensation in the shell has different exponents than condition in the tubes.

Other points to study include

(a)
Cost of exchange

(b)
Material of construction 

(c)
Ease of maintenance  

PROCESS DESIGN DEVELOPMENT

STEP BY STEP APPROACH TO DESIGNING

The major responsibility of the chemical engineer is the design, construction and operation of process plants.  The development of a design project starts with an initial concept or plan.  This must be stated clearly and concisely as possible in order to define the scope or the project.  General specification and pertinent laboratory and other chemical engineering data are mandatory. 

A.
TYPES OF DESING

Three classes of design are considered, depending on the accuracy and detail require;

a.
Preliminary or quick – estimate design:  This is employed for justification for further work on the proposed process and is based on approximate process methods and rough cost estimates.

b.
Detailed- estimate design:  This involve a detail analysis and calculations to generate the cost and profit potential of the established process.  This is a further development of the preliminary design.

c.
Firm process design or detailed design:  This establish the commercial viability, complete specifications which are presented for all components of the plant.  Accurate cost based on quoted are acquired.

B.
FEASIBILITY SURVEY

The technical and economic feasibilities of the proposed process must be established prior to any detected design work.

C.
PROCESS DEVELOPMENT

Process development on a pilot –plant is usually desirable, in order to obtain accurate design data, yields, rates, conversion, temperature and pressure effects, material of construction, batch vs continuous operation and other pertinent design variables.

D.
DESIGN

The preliminary design is executed as soon as sufficient data are available from the feasibility surely or process development.  The steps necessary for ma preparation of a preliminary design include:

i.
Establish a workable manufacturing process for producing the desired product.

 ii.
Establish the bases for design.  This may include specification for the product, annual operating factor (fraction of the year that the plant will be in operation), cooling water temperature, available stream pressure, fuel employed, value of by product etc.

iii.
Prefare a simplified flow diagram and decide on the unit operation required.

iv.
Perform preliminary material and energy balance 

v.
Employ unit process principle in design of specific piece of equipment.  Present equipment specification in the form of tables.

vi.
Determine and tabulate utility and labour requirement.

Vii.
Estimate the capital investment and the total product cost.

viii.
Prefare the preliminary process design report.

in heat exchanger design, the design problem is, given the operating conditions, to determine the size of the heat exchanger.  This size is accepted to be completely determined by the heat exchanger area, A.  In most cases, this is equivalent to determining.

i.
The heat exchanger surface area

ii.
The configuration or layout of the exchangers surface.

iii.
The cost of the exchanger

The four most established procedures for solving heat exchanger problem are:

a.
The effectiveness – NTU approach

b.
The log mean temperature approach

c.
The discrete variable increment approach

d.
The differential analysis approach

For the sake of space and the scope of this research project only the first two will be treated.  The first two methods are based on the assumption of average fluid properties and constancy of heat transfer coefficient throughout the exchanger and prior to the wide spread use of digital computer, were the popular methods use.

EFFECTIVENESS – NTU APPROACH

In this approach, the problem of heat exchanger design or performance calculations becomes one of:

a.
Evaluating E or NTU and U = cmin/cmax given information 

b.
Evaluation NTU or ( from the appropriate equations or curve using also cmin/Cmax  

c.
Calculating A from A = NTUCmin, Q from Q = cmin ((min - (cin)(
                                                       U      

And terminal temperatures from Cc((cout - (cin) = Q 

  Q = cn((min - (heat)

THE LOG-MEAN TEMPERATURE DIFFERENCE APPROACH 

Here Q = U.A DTlm
Where, If U is constant 

                                      DTm = DT1 – DT2
                                                             In DT1
                                                                                       DT2
and 

        1    =   1    = - 1    +    xw  x  1
 UiA              Uo.Ao      hiA1          Awkw   hoAo
Where u is not constant, a mean overall heat transfer coefficient can be used and this is obtained by integrating all the possible U: over the applicable temperature range as follows.

             (2
                  Uid(
           (1
Ù = (2   d(
       (1

For Example

To design a heat exchanger to condense 7.5kg/s of n-hexane at a pressure of 150 kN/m2, involving a heat load of 4.5mw.  The hexane is to reach the condenser from the top of a fractionating column at its condensing temperature of 356oK.

From experience (or charts) it is anticipated that the overall heat transfer coefficient will be 450 w/m2 k.  The available cooling water is at 289 k.

Out line the proposals that you would make for the type and size of the exchanger, and explain the details of the mechanical construction that you consider require special attention.

For the problem, a shell and tube unit is suitable with hexane on the shell side because cleaning of the outside wall of the tube would be easier after fouling has occurred.  Thus shell and tube will be preferred for this heat exchange operation.

For a heat load of 4.5 Mw = 4.5 x 103 kw, the outlet temperature and mass rate of cooling are given by 

4.5 x 103 = m x 4.18 (+ - 289)

dkfjie 

in order to avoid severe scaling, the maximum allowable water outlet temperature is 

                         356  -  67   =  322.5 k

                                     2

Choosing 310ok as a suitable value

x  103  =  4.18m (310  -  289)

Recall that Q  =  UADTUM

               DT1  =  67k

              DT2   =  46k

DTLm  =  67  -  46
               Ln   67
                      47


            =  55.8k

A         =  (
              UDTLm

           = 4.5  x  106
x  55.8

=      179.2m2
A reasonable tube size must now be selected say 25.4mm (inch tube)  14BWG.

The outside surface area  =  (dl

                      =        ( (0.0254) (1)

                         =  0.0798m2
Total length of tubing requirement   = 179.2

                                                           0.0798

                 =     2246m        

A standard tube length = 16ft  =  4.87m

Number of tubes required  =  2246
                                               4.87

                                          = 460 tubes

FOR SHELL AND TUBE UNITS

Water velocity is the range

        U = 1.0 – 1.5 m/s

Selecting a value of 1.25m/s

Water flow rate =  51.3kg/s

                          =  51.3
=  0.0513m3/5

From heat exchanger and condenser – tube data for inch OD, 14 BWG tube ID  = 0.034 inch   =21.2mm.

(From Table 11.2 tubing characteristics in Porry)

Goss sectional area for flow /tube  =  ( (0.0212)2
                                                                     4

                                   =      0.000 353m2
θ  =  AV

A  =  0.0513          =    0.0414m2
           1.25                 

Number of tubes per pass  =  0.0410
                                               0.000353

                                      =  116  tubes per pass

  Number of pass =  460  =  4 passes 

                                116

Shall side fluid is clean hexane, fouling is minimal and triangular pitch arrangement would be suitable (triangular pitch system is more difficult to clean, but accommodates more tubes within a given shell)

                   Pitch   = 1.25 do

                              =   32mm

SUMMARY

The unit will consist of 460, 25.4mm od tube x 14 BWG, 4.87m long arranged with 4 tube side passes on 32mm triangular pitch in a 0.914m (3ft) id shell (standard) pipe.

From table 11.3f of perry, 5th edition.  The general mechanical details of note as:

Baffles are needed across the tube bundles.

The unit should be installed on saddles at say 5o to the horizontal facilitate the drainage of the condensate.

CHAPTER THREE

DESIGN ALGORITHM FOR A SHELL AND TUBE HEAT EXCHANGER

Energy Balances

(1)
Estimation of heat duty; Φ

               Φ  =  MH
            but 

TH    =  278,900  +  680 (433 – TK), J/kg

           Where

Φ   =  Heat duty 

MH  =  mass flow rate of condensate 

TH  =  Latent heat of vaporization of hot fluid

Estimation of flow rate of the coolant through the tubes (kgls)

  Mc  =         Φ

                  (CP)c (Tc outlet – Tc inlet)

where 

Mc  =  Mass flow rate of coolant 

CP  =  Heat capacity per unit at constant pressure

C   =  Clearance between baffles.

Tc(outlet) = outlet temperature of the coolant

Tc (inlet) = Inlet temperature of the coolant.

(3)
Estimation of log mean temperature difference (LMTD).  For counter – current.

            DTLM  =  [Tn (inlet) – Tc (outlet) – [Th(outlet) – Tc(inlet)
                                 Ln (Th(inlet) – Tc (outlet)]
                                      (Th(outlet) – Tc(inlet)]

where 



Th(inlet)  =  Inlet temperature of the hot fluid 

Th(outlet)  =  outlet

Tc(inlet)  =  inlet temperature of the cold fluid 

Tc(outlet)  =  outlet   

Note 

When the outlet temperature of the coolant is not given, it can be obtained using this equation thus.

   Tc(outlet)  =  Tc(inlet)   +  Φ

                                            Mc Cp C

Where 

Φ   =  heat duty 

Mc  =  mass flow rate of coolant

C   =  clearance b/w baffles

Cp  = Heat capacity.

(4)
Estimation of true temperature different [Dt]

           Dt  =  LMTD   x  Ft

                     And 

Ft   =   
R2  + 1 ln  (1 – 5) / (1 – Rs)
                R – 1  ln  2 – 5 ( R + 1 - 
R2 + 1
                               2 – 5 (R + 1 +     R2 + 1

And

R      =   Th(inlet)  -  Th(outlet)
             Tc(outlet)  -  Tc(inlet)

S      =     Tc (outlet)   -   Tc (inlet)
                Th inlet     -      Tc (inlet)

  Where 

LMTD   =   Log mean temperature difference 

Ft          =   Temperature difference factor.

Chemical Engineering Design 

(a)
Choose a suitable mean linear velocity of the flow of the coolant between 0.5  -  1.22 m/s (0.5 < x ≤ 1.22)

(b)    Choose number of tube passes b/w 1 – 1 and 1 – 2 tube passes.

(c)     Choose tube diameter, ¾ inch, I inch, ¼ inch and ½ inch.

(d)
Choose tube length from this available lengths, 1.83, 2.44, 3.66, 4.88 etc.

(5)    Estimation of minimum flow area [Si]

                            Si       =      Mc


                                            UPC

Where 

U         =    mean linear velocity in tube

P         =   Tube Pitch 

C        = Clearance 

Mc     =  mass flow rate of coolant.

(6)
Estimation of minimum number of tubes per tube pass

(a)
Assume a tube pass arrangement

       NT       =    NtP    x    [101.9]

Where 

NT    =    number of tubes

NtP  =      number of tubes passes you have assumed 

101.9    =    A factor to be multiplied with that assumed number of passes.

(7)
Estimation of Heat transfer area   (A)

            A   =   nT   ň di L

Where 

nT     =  Total number of tubes

di      =   inside tube diameter

L      =  length of the tube.

(8)
Estimation of the standard inside shell diameter [D.].  

        D1    =  P1  [nD    +  1]

But

P   =   5 do/4 or 1.25 do 

ND   =       4 ni  -  1   ½  

                        3

M =    0.577  ND  +  0.423  =  of rows of tubes

NT  =  m (2 x ND  -  m)

NN  =  (N0  +  1)/2  = Equivalent number of tubes 

NP  =  m  = Equivalent number of row for 2 pass divider 

NT (corrected)  =  NT  -  (NN  +  NP)

Estimation of Reynolds number for flow of coolant through the tube; 


                  NRE  =  Gcd1            

                                   (
                    di  =  do  -  2 x w

                    Gc =  mc

                                    9

where   (   =  viscosity,

NRE   =  Reynolds number 

Gc      =   mass velocity of the coolant

di        =  inside diameter of the tube outside

do        =  outside diameter of the tube

9   =   available area for the tube flow

xw    =  Thickness of tube wall.

(10)
Estimation of heat transfer factor for flow through the tubes,.

(a)  If NRE  <  2100

           Jn  =  1.86  (NRE)2/3   L      ½ 

                                              di 

(b)   If 2100  <  NRE  <  10,000

            Jn  =  0.116  [ (NRE)2/3 – 125]  [1 + d 1/L ] ⅓/NRE 

(c)  If NRE   >   10000

           Jn  =  0.027  (NRE)0.2
(d)  If   1000   ≤   NRE   <   1000,000

             Jn   =  0.05573/(NRE)0.261
(11)  Estimation of the inside heat transfer coefficient [hi]

    hi  =   Jn (Cp)c  Gc
             (NRE)2/3 (N vis)0.14
where 

Jn   =  heat transfer factor

Cp  =  specific heat capacity

Gc  =  mass flow rate of coolant 

C   =  clearance 

NpR  =  Prandil number 

(N Vis) = ration number

Note     (   viscosity factor (Nvis)0.14  =  1

(12)  Estimation of the overall heat transfer coefficient (design coefficient)

             Recall that 

            Q   =    (o  A  dt 

            UD  =   ф  

                      A Dt

And Dt  =  LMTD  x  Ft

(13)  Estimation outside film heat transfer coefficient [ho]

         ho  =  dIo
do   1  -  1   -  Xф dIo
      (D    hIo     kwdm

dm  =   do  -  dIo
                do

Ln            dIo

Where 

dm  =  mean diameter of the tube

xw  =  thickness of the tube

kw  = Thermal conductivity of material 

(14)
Estimation of the wall temperature (or tubes (Tw)

  Tw   =   Ts  +  ( hIo  dIo / (hs do) ] TI 
                          [I  +  hIo dIo / (hs do)]

where TIo  =  mean fluid temperature 

( [Tc  (inlet)  +  Tc (outlet) /2]

    Ts  =  Temperature of the shell wall 

   hi   =  Inside heat transfer coefficient

   ho  =  Outside heat transfer coefficient

   di   =   Inside diameter of the tube

  do  =  Outside diameter of the tube  

(15)
Estimation of the mean film temperature 

(Tf)

               Tf  =  Tw  x  Ts
                                2

where 

Tw  =  Temperature of the tube wall

Ts   =  Temperature of the shell wall

(16)
Kf  =  0.115  +  6.70  x  10-5 (433 – Tok),

Sf  =  724  +  1.3  (433  -  Tok)

Uf  =  antilog (-5.1367  +  642 / Tok)


g   =  9.81m Is2

G1   =  mtt / LNT2/3

NRE1 at Tf  =  4G1/Uf

         hs*     =  1.51 / NRE1)1/3
                     Uf2 / (kf3 ef2g)1/3

(17)
Re-estimation of the wall temperature 

Tw* k for the tubes at hs*
Tw*  k   =   Ts  +  (hi di /(hs*  do) Tc

                  (I + hi di / (hs* do)

(18)
Re-estimation of the inside film heat transfer (coefficient hi* using viscosity factor (Nvis*) at Tw*, K.

(Uw) C =

0.1

(2.14819  (Tok-281.635)  +  (8087.4 + (Tok – 281.635)2)½)-120)NS/m2 

Uc (at Tf)

0.1

(2.14819  (Tok-281.635)  +  (8087.4 + (Tok – 281.635)2)½)-120)NS/m2 

hi*  =  Jh (Cp)c  Gc / (NpR)2/3 (Nvis*)0.14)

(19)
Re-estimation of the wall temperature 

Tw**,  K for the tubes using this corrected value of the inside film heat transfer coefficient hi*

Tw**, K  =  Ts  +  (hi*di / hs* do)) Ti 

                    (1 + hi* di / hs* do))

(20)
Estimation of mean film temperature 

Tf*,  oK  =  (Tw**  +  Ts) /2

(21)
Re-estimation of the condensate film heat transfer coefficient hs** (third estimate) and checking that hs** is approximately equal to hs*

Nf* (at Tf*) antilog (-5.1367 + 642/ToK), Ns/m2
Sf* (at Tf*)  =  724 + 103 (433 – ToK), kg/m3
Kf* (at Tf*)  =  0.115  + 6.70 x 16-5(433 – ToK), w/Lm2(k/m))

NRc*  =  4G1 / Nf*

hs**  =  1.51/(NRc*)⅓
             (Nf*2/ckf*3 e2 g))⅓
(22)
Estimation of the overall heat transfer coefficient Ui*.

Omitting fouling resistances.

Ui*  =                  1

            1      +      xwdi        di

            hi*           kwdm     hs**do

(23)
Check whether the fouling allowance in the design is adequate for both stream if the fouling allowance is more than adequate, repeat the calculation for the next lower available tube length. If the fouling allowance is less than adequate, increase the number of tube passes until the design is satisfactory.

For adequate design, Rf = 1    -     1

                                          ui           ui*

(24)
Estimation of the basic friction factor for Reynolds’s number

NR​c = Gcdi / uc for flow through the tubes 

For   1,000  ≤  NRE   ≤ 1,000,000

Jf  =  0.05573 / (NRE)0.261 –24.1

For NRt  <  1000  in tubes or commercial pipes 

If = 8/NRC – 24.1

(25)
Estimation of the pressure drop for the tube side including an additional four velocity heads of pressure drop per pass to account for the abrupt changes in the direction of the tube side stream.

For NRE  ≥  2100,  Y  = 0.14

For NRE  ≤  2100,  Y  =  0.25

Df  =  8 Jf  (Nvis)y (L/di) (u2/2 per tube pass 

Where eu/2 is a velocity head

(26)
Choose a battle spacing b in the range Di/5  ≤   Di

(27)
Calculation of the shell side Reynolds’s number (NRE)s

Equivalent diameter of shell for a triangular pitch De  =  (3.464 P2/ũ do) – do, m-271

For  =  square pitch

De  =  4(P2 – (( do 2/4)), m …….27-2

                      ú do

     iii.
    Ss  =  b Di / 4, M2   27.3

iv.
    G4  =  M4 / Ss

U4** (at Ts  =  TB) = antilog (-4.4733-339/Io K), Ns/m2
PH** (at (Ts  =  TB) =  GH  De
                                                 ( 4
(28)
Estimation of the basic friction factor for the shell

     for 10 < (NRc)s < 30

   (Jf)s  =  7.45 / (NRc)s 0.983  ………………28.1

for 30 ≤  (NRc)s  <  60

  (jf)s  =  3.73 / (NRE)s0.780………………..28.2

for 300 ≤  (NRE)s < 300

(jf)s  =  0.438 / (NRE)s0.380 - ………. 28.3

for 150 ≤ (NRE)s < 300

(jf)s  =  0.438 / (NRE)s 0.380 ……………..28.3

for 300 ≤   (NRE)s  ≤   1,000.000 

(jf)s  =  0.227 / (NRC)s +0.193…………….28.4

(29)
Estimation of the pressure drop for the shell side fluid by taking one half the pressure drop computed at the inlet condition of the shell side.

DPs = 8 (If)s (Nvis)0.14 (Di/De) (L/b) Pus2)2 for shell pass.

(30)
Check that the pressure drop is not higher than the permissible pressure;  if higher, choose a smaller baffle spacing within the range specified.

(31)
Estimation of heat exchanger effectiveness.

i.
Mc Cpc =  (min (for fluid which undergoes greater change in 
temperature)      
           =                    Q

             (min (Th (inlet) – Tc (inlet)

(32)
Estimation of number of transfer units (Wñe) for the exchanger.

NTU  =  UiAi
              (min.

SAMPLE PROBLEM

Design a  horizontal shell and tube heat exchanger to condense 10.1kg /s of saturated Iso-amyl propionate vapour at its atmosphere, boiling point of 433.1k.  the coolant is water entering at 321.9k.  Use available length carbon steel tube of 0.01905m outside diameter and 16 BwG wall thickness arranged on a 0.0254m triangular pitch.  Ensure that adequate allowance is specified in the design for fouling and that the pressure drop for the two fluid streams are not excessive.

Solution

Given;

Mass flow rate of shell side fluid, MH = 10.1 kg/s.  boiling point of shell side fluid, Ts  =  TB = 433.1k 

Inlet temperature of coolant (H20), Tc(inlet) = 294.1k

Out temperature of coolant (H20), Tc(outlet) = 321.9

Outside diameter of tube, do  =  0.01905m

Wall thickness of tube,  xw   =  0.001626m

Available tube lengths are; 1.83m, 2.Hm, 3.66m, 4.88m e.t.c.

Maximum permissible tube side pressure drop, Pt  =  34, 474N/m2 = 5Psi0
Maximum permissible shell – side pressure drop Ps  = 13,789.6N/m2 = 2 Ps1o
Total fouling allowance based on inside area = 5.284 x 10-4 (w/m2k)-1  

(1)
Estimation of heat duty:

TH  =  278,900 + 680 [433 – To1c]

      =  278,900 + 680 (433 – 433.1)

     =  278,900 + 680 (-0.1)

    =  278,900 – 68

TH  = 278899.9 J/kg

( Q  =      MHTH

            =   10.1 x 278899.9

        =   2816888.9w

(2)
Estimation of flow rate of coolant through the tubes

epc   =  0.015539 (ToK – 308.2)2 + 4,180.9 J/kg k.

    =  0.015539 (308 – 3680.2)2 + 4180.9

epc = 4,180.94 J/kg k.

Mc  =         Ø

    Epc (Jc (outlet)  -  Tc (inlet)]

Mc  =  2816888.9

           4180.94 (321.9 – 294.1)

      =  24.24 kg/s

(3)
Estimation of log mean temperature for counter – current flow

DTIm  =  (Th (inlets0  -  Tc(outlet)]

             [ Th(outlet)]

-  321.9)  -  (433.1  -  294.1)

   =     Ln 433.1  -  321.9

                433.1 294.1

  =    124.6k 

Choose a mean linear velocity u = 1.22m/s

Estimation of minimum flow area SoI

SoI  =  Mc
           Upc

  =  24.24
     (1.22) (993.64)

=  0.019996 m2
SoI  =  1.96 x 10 –4 NT/N4

Estimation of minimum number of tubes required per tubes pass

(a)  Assuming a two pass arrangement 

  nT  = (2) (101.9)

        = 203.8 tubes

Estimation of standard such diameter Di and the actual number of tubes that can be fitted into this shell for one tube pass.

Di  =  P [ nD  +  1 ]

ND  =  4 x AT – 1  ½

                 3 

  =  4 x 203.8 – 1  ½
              3

ND  =  16.47

Pitch P = 0.0254 m

D1  =  (0.0254) (16.47 + 1)

    =   0.4437 m

The nearest standard shell inside diameter lager than this is 0.4826 m

Di  =  0.4826 m
P       0.0254 m

    =      19

nD*  =  18

m =  0.577 ND  + 0.423

   =  0.577 (18)  + 0.423

  =  10.809

NT  =  M(2ND – M)

NT  =  10.809 (2 x 18 – 10.809)

   =  272.3

Nu  =  (ND + 1)/2

  =  ( 18 + 1)/2

= 9.5

Nu  =  10 = (to an even number)

but

Np = m

NT corrected   = Np – (NN + nP)

                     =  272.3 – (10 + 10.8)  =  251.5

Approximate i6 to even number

  = 250 tubes  

The corrected cross sectional flow area for the tube stream

Si  =  1.96 x 10-4 NT/NLp

    =  250 x 1.96 x 10-4
         2

              = 0.0245 M2 per tube pass

Estimation of Reynolds number for flow of coolant through the tube at mean temperature.

di  =  do  -  2 x w

    =  0.01905  -  2(0.001626m)

   =  0.01580m

ac  =  Mc   =  24.24

         Si         0.0245

    =    989.39  kg/m2s

NRE  =  Gc di/Uc

 =   (989.39) kg/m2s  x  (0.01580)m
x  10-4 Ns/m2
= 21,565

Estimation of heat transfer factor (Jh) Note since NRE) 15,000

jh  =  0.027
               (NRE)0.2
      =  0.027
         (21.566)0.2
=  0.00366955

Estimation of inside film heat transfer coefficient hi at Jn

hi  =  Jn (CPc) Gc
       (NPR)2/3 (Nvis)0.14
= (0.00366955) (4180.94) x (989.39)
                    (2.857) (1.0)

=              5313 w/m2 k

Estimation of heat transfer area (Ai) based on the inside diameter of tubes 

Ai  =  nT (corrected) T di L

Ai  =  (250) (3.142) x (0.01580)m x 4.88 m

    =   60.57 m2
Estimation of the actual value of the overall heat transfer coefficient Ui

FT   =         R2 + 1    Ln (1-5) / (1 – Rs)

                   R – 1  Ln 2 – 5 (R + 1 –   R2 + 1

                                2 – 5 (R + 1 +   R2 + 1

Since Inlet temperature in the shell = outlet temperature of the shell

R  =  O

Therefore the correction factor

FT  =  Ln (1 – S) 

     - 1 ln 2/(2 – 25)  =  1.0

Ui  =     Ø

       Ai Ft DTLM

=  2816888.9
  (60.57) (1.0) (124.6)

= 373.3 w/m2 k

Estimation of the condensate film heat transfer coefficient (hs) assuming a clean exchanger 

(i)
dm   =  do – di
                     ln do/di

       =     0.01905m .0.01580m
                 0.01905
   ln           0.01580

           =   0.01737m

hs     =       di

          do  1    -  1   -  xw di
               Ui      hi     kw dm

=            0.01580

   1        1      (0.001626) (0.01580)
5313  (377.4) (0.01737)

   =     333.5 w/m2 k

Estimation of wall temperature for the tubes 

Tw   =  Ts +  (hi di)/ hs do)Ti
             (1 + (hi di)/ (hs do)]


=   433.1  +    5313) (0.01580)  308

                     (333.5) (0.01905)
1 + (5313) (0.01580)
      (333.5) (0.01905

= 4809.78
    14.01

= 338.5 k

Estimation of the mean film temperature 

(Tf)

   Tf  =  (Tw  +  Ts)/2

       = (338.5 + 433.1)
                     2

   =   385.8 k

   kf  = 0.115 + 6.70 x 10-5 (433 – Tok)

:. Kf = 0.115 + 6.70 x 10-5 (433 – 385.8) 

       = 0.118 w/(m2(k/m)

ef  =  724 + 1.3 (433 – Tok)

     =  724 + 1.3 (433 – 385.8

   =  785.36 kg/m3 
g   =  9.81 m/s2
G1  =  MH (lnT 2/3 )

    =    10.1 kg/s
     (4.88 m) x (250)2/3
   = 0.0521 kg/ms

NRE1 at Tf  =  4 G1
                       Nf

               =  4 x 0.0521 kg/gm
                    3.730 x 10-4 N3/m2
             =  558.7

hs*      =   1.51 / (NRE)1/3
           Uf2 / (kf3 e 2g)1/3
hs*   =  1.51      0.118 N/N2  (k/m)3 (7.83.36 kg/m3)2 (9.81 m/s2)3
                               3.730  x  16-4 Ns/m2) (558.7)

        =   760.3 w/m2 k  (second estimate)

Estimation of wall temperature Tw* k for the tubes at hs*

Tw*  =  Ts + [(hi di / (hs* do)] Ti
                  1 + hidi / hs* do

         =  433.1 k + (5313 w/m2 k ) (0.01580m)

                             (760.3 w/m2k) (0.01905 m)

                               (308) k

1 + (5313.w/m2k) (0.01580 m)
     (760.3 w/m2k) (0.01905 m)

=  2218.22
      6.796

=    2218.22

=  326.4 k

Re-estimation of the inside film heat transfer coefficient hi* using viscosity factor (Nvis*) at Twok.

(Uw)c =                                                 0.1

              2.14819 [(Tk – 281.635) + (8,087 + (Tk – 281.635)2]½ - 120 N/m2 

=                                                     0.1

           = 2.14819 [(Tk – 281.635) + (8,087 + (Tk – 281.635)2]½ - 120 N/m2
             =  5.2095 x 10-4 Ns/m2
Uc (at 308 k)

Uc =                                                     0.1

           2.14819 [(Tk – 281.635) + (8,087 + (Tk – 281.635)2]½ - 120 N/m2
Uc =                                                     0.1

            2.14819 [(Tk – 281.635) + (8,087 + (Tk – 281.635)2]½ - 120 Ns/m2
= 7.249 x 10-4 Ns/m2
Nvis*  =  (Uw)c   0.14
               (Uc)

= 5.2095 x 10-4 Ns/m2     0.14
   7.249 x 10-4 Ns/m2
= 0.9548

hi*  =  jh (Cp)c Gc / (NPR)2/3 (NVIS)0.14
hi*  =  (0.003666=955) (4180.94 J/kgk) (989.39 kg)2Ms
                    (2.857) (0.9548)

               = 5,564.5 w/m2k
Re-estimation of the wall temperature Tw** for the tubes using this corrected value of the inside film heat transfer coefficient hi*

Tw**k = Ts + ( hi* di / hs* do) Ti
                (1 + hi* di / hs* do)

     =  433. 1 k + (5564.5w/m2 k) (0.01580m)
                          760.3 w/m2k) (0.01905m)

= 2302.723

   7.070

=   325.7k

Estimation of mean film temperature

Tf*,ok

Tf*,ok  = (Tw** + Js)/2

           = (325.7 + 433.1)k/2

         =  379.4ok

Estimation of the condensate film heat transfer coefficient hs** (third estimate) and checking that hs** is approximately equal to hs*

Uf*(at Tf*) = antilog (-5.1367 + 642/Tok), Ns/m2
                  = antilog (-5.1367 + 642/379.4)

  =  3.5929 x 10-4 Ns/m2
Sf (at Tf*) = 724 + 1.3 (433 – Tok), kg /m2
                =  724 + 1.3 (433 – 379.4)

              = 793.68 kg/m3
kf*(at Tf*)  =  0.115  +  6.70 x 10-5 (433 – Tok), w/m2(k/m)

                  =  0.115  +  6.70 x 10-5 (433 – 379.4)

            =   0.1186 (w/m2 (k/m)

NR*E   =   4G1/Uf*

          =   4(0.521 kg / ms)

               3.5929 x 10-4 Ns/m2
      = 580.

Ins**   =  1.51 (0.1186 w/m2 (k/m3) (793.68 kg/m3) (9.81 m/s)1/3
            (3.5929 x 10-4 Ns/m2)2 580

  =      77 w/m2 k (third estimate)

Since the second and third estimates of hs* and hs** are so close, further iterations are unnecessary.

Estimation of the overall heat transfer coefficient Ui*, omitting fouling resistances.

Ui* =                    1
               1  +    xwdi   +   di

              hi*       kwdm      hs** do 

Ui*  =                   1

            1         +          (0.001626m)  (0.01580m)  +  0.01580
           5564.5N/m2 k  (377.4 N/m2 (k/m) (0.01737m) (779 N/m2 k) (0.01905 m)

= 801.1 w/m2 k

Check that the fouling allowance inherent in the design is adequate for the two fluids.

Ui   =  Ø/^I FT DTLm

       =   2816888.9 w

          (60.57 m2) (1) (124.6 k)

    =     373.2 w/m2 k

Total fouling allowance based on inside area

Rf  =  5.284  x  10-4  (w/(m2 k)-1)

1         (based on actual area)  = 2.68 x 10-3 (w/m2 k)

Ui

1         (calculated omitting fouling resistances)  

Ui

= 1.25 x 10-3 (w/m2 k)-1
= 1.43 x 10-3 (w/m2 k)-1         

Since this fouling allowance is substantially more than the required total fouling allowance; repeat the calculation for the next lower available tube length which is 3.66m and other arrangements.

Estimation of the basic friction factor for Reynold’s number

NRE
=
GC di/µu for flow through the tubes

Jf
=
0.05573/ (NRE) 0.261


=
0.05573

(21565) 0.261

=
0.004121

Estimation of the pressure drop for the tube side including an additional four velocity heads of pressure drop per pass to account for the abrupt changes in the direction of the tube side stream.

Dp

=
8 jf (Nvis)y (L/di) Su2 per tube pass where

Y0

=
0.14 for NRE 72, 100 

(NVIS)0.14
=
0.9563 for water
L/di
=
3.66m

0.01580m


=
231.6
Su2
=
(993.64kg/m3) (0.9957 m/s)2

=
492.6 N/M2
Dp
=
8 (0.004121) (0.9563) (231.6) (492.6 N/M2)


=
3596.N/M2
For two tube side passes, the pressure drop is 2 (3596.8N/m2)

=
7193.6 N/M2

Add eight velocity heads for changes in the direction of the tube side stream since there are two tube side passes.


8(Su2)
=
8 (492.6N/M2)




=
3940.8 N/M2
Total tube side pressure drop is 7193.6N/M2 + 3940.8 N/M2
=
11134.4 N/M2
=
1.615 Psi

This pressure is below the maximum permissible pressure drop and is therefore acceptable choose a suitable baffle spacing b in the approximate range say 0.4826 m.

Calculate the shell side Reynold’s number (NRE)s.

(i)
Equivalent diameter of shell for a triangular pitch.

De
=
{3.464 p2/ πdo} – do, m


=
3.464 (0.2254m)2 – 0.-1905,m



π  (0.01905m)


=
0.01829m

Ss
=
b Di/4, M2

=
(0.4826m) (0.4826m)

4


=
0.05823m2

GH
=
10.1kg/s

0.05823M2

=
173.45 kg/m2S

I/H (at Ts = Tb)
= anti log (-4.4733 + 239/TK), NS/M2



= anti log (-4.4733 + 239/433.1K)




= 1.1982 x 10-4 Ns/m2

Sh at is TB)

= (1,822) (T0k), kg 1m3



= 1,822

   433.1

=
4.207 kg/m3
(NRE) s (at Ts = TB) =  (173.45 kg/m2S) (0.01829m)

1.1982 x 10-4 NS/M2

=
26480.8

Estimation of the basic friction factor for the shell

(if)s
=
0.227

(26480.8) 0.193
Estimation of the pressure drop for the shell side fluid by taking one half the pressure drop computed at the inlet condition of the shell inside.

Dps
=
8 (js) (Nivs) 0.14 (Di/De) (L/b) Sus2

(Nvis) 0.14
=
1.0
(since the bulk vapour and the inter face of 

condensate are at 433.10k

 Di/De
=
0.4826m

   

0.01829m 

 
=
26.39
L/b

=
3.66m
0.4826m

=
7.58

SUS2

=
Gh2 
2p

=
(173.45kg/m2s)2 




2x4.207kg/M3


=
3575.6N/M2
DPs

=
(8) (0.031798) (1.0) (26.39) (7.58) (3575.6N/M2)

=
181948N/M2
=
26.4 Ps1

But this is the shell side pressure drop computed at the inlet condition half of this pressure is 90974N/M2 = 13.2Ps1

Choose another baffle spacing say 0.4572m

Number of baffles
=
L
-
1





b

=
1.83M
-
1


0.4572m


=
3

This 3 segmental baffles 0.4572m apart in each half of the shell with one complete baffles at the centre of the shell to split the flow.

Ss
=
b
Di/4,
M2

CHAPTER FOUR

DISCUSSION ON THE HEAT EXCHANGER ALGORITHM AND COMPUTER PROGRAM

The real essence of this computer program is to automate and streamline the complex computation of the many material and statistical variables needed to design a heat exchanger with specific regard to the tube, the shell, the coolant and the condensate.  For the avoidance of doubt, the justification of the program lies in the fact that these computations are not only tedious, they are also as complicated as they are time consuming.  With this program however, the computer takes over and automatically performs all the complex computations with the little or no human intervention.  Besides, the all-high time consumption that characterize the manual computations is completely eliminated.  The only time consumed is the time needed for the user to type in the given input parameters values.

The program is written using Microsoft Visual Basic 6.0 an object oriented computer programming language.

The program is organized into forms and modules.

Two forms are used for imput and output respectively; namely:

The work form which is used to capture all the input parameters values that must be given.

The resultant form is used to display the values of the output parameters.  These values provide specifications for the construction of the shell and tube heat exchange

The modules consist of codes, that is program instructions, that perform the mathematical computation that desire the output parameters (specifications) values based on the given imput parameters.  The logic of each computation to produce a desired output parameters is clearly specified in the program where an intermediate value is desired as a prerequisite to the computation of the output parameter.  The intermediate value’s computational algorithm is presented prior to that of the associated out parameters.

This program was tested by a sample problem and it runned showing that the program is in order and can be used to design any type of shell and tube heat exchanger provided the input data are available.

CHAPTER FIVE

CONCLUSION AND RECOMMENDATION

Having reviewed the importance of using a computer to design a program for a shell and tube heat exchanger over the old (manual) method.  In the course of the project, it was able to design many algorithms and programs within a short period of time.  It was equally discovered that there was high accuracy in the design of shell and tube heat exchanger whose program was designed with a computer.  Also the time and strength required for an engineer to design algorithms for shell and tube heat exchangers manually was seriously reduced with the use of computer.

In conclusion, sine the objective function of shell and tube heat exchanger is for an integral operating economics and profit making, it is advisable to make use of computer in designing algorithms and writing programs for the design of shell and tube heat exchangers.

RECOMMENDATION

For an effective design programs for the design of shell and tube heat exchanger, the following recommendations are made:

Since a problem well understood is half-solved, it is better to design a computer program using the simplest and well understood computer programming language as visual basic 6.0 or Q-Basic.

Care should be taken in drawing computer flow charts needed for any task since the program emanates from them.

The era of using human strength all above in solving engineering design problems had gone, the use of computer in solving design problems especially in designing a shell and tube heat exchanger should be encouraged for accuracy and profitability.
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