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Summary

Accurate prediction of shellside pressure drop in a
baffled shell-and-tube heat exchanger is very difficult because
of the complicated shellside geometry. Ideally, all the
shellside fluid should be alternately deflected across the tube
bundle as it traverses from inlet to outlet. In practice, up to
60% of the shellside fluid may bypass the tube bundle or leak
through the baffles. This short-circuiting of the main flow
reduces the efficiency of the exchanger.

Of the various shellside methods, it is shown that only
the multi-stream methods, which attempt to obtain the shellside
flow distribution, predict the pressure drop with any degree of
accuracy, the various predictions ranging from -30% to +70%,
generally overpredicting.

It is shown that the inaccuracies are mainly due to the
manner in which baffle leakage is modelled. The present
multi-stream methods do not allow for interactions of the various
flowstreams, and yet is is shown that three main effects are
identified, a) there is a strong interaction between the main
crossflow and the baffle leakage streams, enhancing the crossflow
pressure drop, b) there 1is a further short-circuit not considered
previously i.e. leakage in the window, and c) the crossflow does
not penetrate as far, on average, as/previouSly supposed.

Models are developed for each of these three effects,
along with a new windowflow pressure drop model, and it 1is shown
that the effect of baffle leakage in the window is the most
significant. These models developed to allow for various
interactions, lead to an improved multi-stream method,qnamed the
"STREAM—INTERACTION" method. The overall method is shown to be
consistently more accurate than previous methods, with virtual’
all the available shellside data being predicted to within_:30 .
and over 60% being within #20%. The method is, thus, strongly
recommended for use as a design method.

KEY WORDS: Heat Exchanger, Shellside



AUTHOR

The author graduated from the University of Aston in

Birmingham in 1979 with an honours degree in Chemical Engineering.

The author was subsequently employed by the University of Aston

in Birmingham as a Research Assistant until the end of 1982, and did

the research leading to this thesis, at U.K.A.E.A. Harwell for the
Heat Transfer and Fluid Flow Service (H.T.F.S.). The author now

has a position at U.K.A.E.A. Harwell, working for H.T.F.S., and is
actively engaged on research and development of computer programs
and design methods for shell-and-tube heat exchangers, using much of

the valuable knowledge gained in this work.




ACKNOWLEDGEMENTS

] would 1like to express my gratitude to:

My dear wife, Jean, who spent many hours typing this thesis,

The Heat Transfer and Fluid Flow Service for funding this work,

Dr B. Gay and Dr J. Jenkins for their supervision,

and finally, I would like to especially thank

Mr D. Johnston of AERE Harwell for his many hours of
useful discussions which undoubtedly led to many of the

ijdeas in this work.




CONTENTS

List of Tables

List of Figures

o

INTRODUCT ION

1.1 Shell-and Tube Heat Exchangers

1.2 Shellside Geometry and its Effect on

Flow Distribution

1.3 Objective of Thesis

2,0 REVIEW OF PREVIOUS SHELLS IDE PRESSURE DROP

PREDICTION METHODS

2.1 Model Types in Shellside Pressure Drop

Prediction

2.2 The Development of Shellside Pressure

Drop Prediction Methods

Page

Viii

16

17

17

18




3‘0

A DETAILED EXAMINATION OF SHELLSIDE PRESSURE

DROP PREDICTION METHODS

3.1. Single-Stream Methods

3.1.1 Kern (1950)

3.1.2 Williams, Katz (1952), and Donohue (1949)
3.2.3 Buthod (1960)

3.1.4 Short (1942)

3.1.5 Bell (1960)

3.2 Discussion of the Single-Stream Methods

3.3 Multi-Stream Methods

3.3.1 Pressure Drop and Mass Balance Relationships
3.3.2 Tinker (1948, 1958)

3.3.3 Palen and Taborek (1969)

3.3.4 Grant and Murray (1972)

3.3.5 Moore (1974)

3.3.6 Parker and Mok (1968)

3.4 Discussion of the Multi-Stream Methods

3.5 Desired. Features.of a Shellside Pressure

Drop Method

Page

25

25
25
27
28

28

29

30

32
32
37
39

43

46

50

53

58




4.0

THE INTERACTION BETWEEN CROSSFLOW AND

BAFFLE LEAKAGE

4,1. The No-Interaction Assumption of

Multi-Stream Methods

4.2  Experimental Evidence of Crossflow/

Leakage Interaction

4,3 The Development of a Crossflow/Leakage

Interaction Model

4.3.1 The Prediction of Crossflow Pressure
Drop with no Baffle Leakage Using

the Permeability Concept

4.3,2 The Prediction of Crossflow Pressure
Drop with Baffle Leakage Using the

Permeability Concept

4.3.3 The Calculation of the Mean Crossflow

o

Resistance, RX

4.4 Validation of the Crossflow/Leakage

Interaction Model

Syt~

Page

60

60

61

72

72

76

78

80




Page

5.0 THE PENETRATION OF CROSSFLOW INTO THE WINDOW ZONE 87
5.1 Crossflow-in-the-window 87
5.2 The Development of a Model to Predict the 88

Average Penetration of the Crossflow-in-

the-Window
6.0 A MODEL FOR WINDOWFLOW PRESSURE DROP 97
6.1 The Development of a Mechanistic Windowflow 97

Pressure Drop Model

6.2 Turning Losses in the Window 100

6.3 Expansion Losses in the Window 101

6.4 Contraction Losses in the Window 102

6.5 The Validation of the Windowflow Pressure 103
Drop Model

6.6. Results and Discussion of Validation 117

6.7 Conclusions 119

i\ -




8.0

BAFFLE LEAKAGE IN THE WINDOW ZONE

Baffle Leakage in Multi-Stream Methods

Development of an Effective Leakage

Area to Allow for Leakage in the Window

Verification of the Effective

Leakage Model

THE STREAM-INTERACTION METHOD

8.2

8.2.1

8.2.2

8.2.3

8.2.4

8.3

The Features of the Stream-Interaction

Method

Pressure Drop/Mass Flowrate Relationship

of the Stream-Interaction Method

Crossflow

Crossflow Bypass

Windowflow

Baffle Leakage

Solution Procedure

The Strengths of the Stream-Interaction Method

Page

120

120

127

131

136

136

138

138

138

139

139

140

141




Page

9.0 THE EXPERIMENTAL VALIDATION OF THE 142

' STREAM-INTERACT ION' METHOD

9,1 The experimental data 142
9.1.1 Availability of Data 142
9.1.2 Categories of the Data 143
9.1.3 Shellside Fluids Used 144
9.2 Potential Accuracy of Shellside Pressure 145

Drop Predictions

9.3 The Comparisons with Experimental Data 147
9.4 Results 162
9.5 Discussion 164
9.6 Conclusions 165
10.0 FUTURE WORK 166
10.1 Theoretical Work 166
10.2 Experiment al Work 167
10.3 Other Shellside Work 168




Page

NOMENCLATURE

169

APPENDIX 1: THE MULTI~-STREAM METHOD ITERAT ION SCHEMES 174
Al.l Tinker (1948) 174
A1.2  Palen and Taborek (1969) 178
A1.3  Grant and Murray (1972) 181
Al.4 Moore (1974) 184

APPENDIX 2: A SIMPLIFIED ITERATION METHOD FOR 187
CALCULATING THE FLOW DISTRIBUTION
IN MULTI-STREAM MODELS

APPENDIX 3: THE CALCULATION OF BYPASS 193
FRICTION FACTORS

APPEND IX 4: NUMERICAL SOLUT ION PROCEDURE FOR 194
CROSSFLOW/LEAKAGE INTERACT ION

REFERENCES 168 -

VIR




Page

LIST OF TABLES

3.1 Summary of Main Features of Single-Stream Methods 26

3.2 Summary of Main Features of Multi-Stream Methods 54

3.3, Comparison of Single-Stream and Multi-Stream 55
Methods

4,1 Experiment al Pressure Drops for 18.47% Baffle 64

Cut Exchanger

4,2 Comparison of Crossflow Pressure Drop with 68
and without Baffle Leakage for 18.4%

Cut Exchanger

4.3 The Effect of Baffle Leakage on Windowflow 73

Pressure Drop

4,4 Predictions of Crossflow Pressure Drop 84
with and without the Effect of Crossflow/

Leakage Interaction

6.1 Predictions of Macbeth Data 114

6.2 Effect of Crossflow Penetration Model on 115

Predictions of Wills Model for the

Macbeth Data

6.3 Predictions:of the Wills Model for-the 116

Brown Data

NG e



7.1

7.2

Effect of Baffle Cut and Baffle Leakage
on Predictions of Baffle Space Pressure Drop

by Grant and Murray Method, and Moore Method

Predictions of Baffle-Space Pressure Drop
by the 'Stream-Interaction' Method Allowing

for Leakage in the Window

No Leakage Data of Brown (1956)

No Leakage Data of Macbeth (1973)

Single-Leakage Data of Bell and Fusco (1958)

Combined Leakage Studies of Holzman (1958)

Leakage Data of Macbeth

NEL Boiler Single-Phase Trials

NEL Condenser Single-Phase Trials

—\% -~

Page

124

133

150

151

152

153




Page

LIST OF FIGURES

1.1 A Shell-and-Tube Heat Exchanger 2
1.2 A Baffled Shell- and-Tube Heat Exchanger 5
1.3 The Use of Sealing Strips to Block the 8

Bypass Lanes

1.4 Shell-Baffle Leakage 10
1.5 Tube-Baffle Leakage 11
1.6 The Flow Model of Tinker (1948) 13
1.7 A Baffled Shell—anq—Tube Exchanger 14

(Double Segmental Baffles)

2,1 The Development of Shellside Pressure 20

Drop Prediction Methods

3.1 A Simple Flowstream Model 33
3.2 The Flow Model of Parker and Mok (1968) 51
4.1 Layout of Winfrith Model Exchanger 62
4,2 Special No-Leakage Baffles 63
4,3 Experimental Evidence of Crossflow/ ‘65

Leakage Interaction




4.5

4.6

4.7

5.1

5.2

5.3

6.1

6.2

6.4

6.5

Comparison of No-Leakage and Leakage

Crossflow Pressure Drop

Ideal Tube Bank

Iteration Scheme for the Crossflow

Pressure Drop

Comparison of Crossflow Pressure

Drop Predictions

An Idealised Windowflow Zone

An Exchanger with a Rectangular Window

An Exchanger with an Infinite Window

Predictions

Drop Data:

Predictions

Drop Data:

Predictions

Drop Data:

Predictions

Drop Data:

of Macbeth Windowflow Pressure

Bell Method

of Macbeth Windowflow Pressure

Ishigai Method

of Macbeth Windowflow Pressure

Grant and Murray Method

of Macbeth Windowflow Pressure

Moore Method

Predictions of Macbeth Windowflow Pressure

Drop Data:

Wills Method

Page

70

74

82

85

89
91

92

106

107

108

109

110




6.6A Effect of Constant Crossflow Penetration on

Wills Model for Macbeth Data

6.6B Effect of Variable Crossflow Penetration on

Wills Model for Macbeth Data

6,7 Predictions of Brown and Macbeth Data by

Wills Method with Variable Crossflow Penetration

7.1 Schematic of Parker and Mok Flow Model

7.2 Predictions of Baffle Space Pressure Drop
For 18.4% and 37.5% Cut Exchangers with

and without Baffle Leakage
7.3 An Exchanger with 50% Cut Baffles

7.4 Predictions of 'Stream-Interaction' Method
For 18.47% and 37.57 Cut Exchangers with and

without Baffle Leakage

8.1 A Schematic Representation of the 'Stream-

Interaction' Method

9.1 Predictions of Brown No-leakage Baffle-

Space Data

—X -




9.2

9.4

9.5

9.6

9.7

Al.1

Al1.2

Al1.3

Predictions

Space Data

Predictions

and Fusco

Predictions

Predictions

Predictions

Predictions

A Schematic

of Macbeth No-Leakage Baffle-

of Single-Leakage Data of Bell

of Combined Leakage Data of Holzman

of Combined Leakage Data of Macbeth

of NEL Boiler Single-Phase Trials

of NEL Condenser Single-Phase Trials

of the Palen and Taborek Method

The Divided-Flow Method of Grant and Murray

The Moore Method

Page

156

157

158

159

160

161

179

182

185




1.0 INTRODUCT ION

This chapter describes a shell-and-tube heat exchanger. It
outlines the shellside flow distribution and associated problems with
predicting the flow distribution and pressure drop. The effect of
baffles are especially considered, and they are singled out as the
most important aspect of the exchanger geometry to influence the

shellside flow distribution and pressure drop.

1.1 Shell-and-Tube Heat Exchangers

Heat transfer between process streams is a common requirement
in many industrial plants as heat is an expensive commodity and it is

desirable to recover/use as much heat as is economically feasible,

The most common form of equipment to perform this process 1is a
shell-and-tube heat exchanger which consists of an array of tubes
(the bundle) enclosed by a cylindrical case (the shell). One process
stream flows through the tubes ‘and the other flows in the space around
the tubes enclosed by the shell (Figure 1.1.). Heat is transferred
through the walls of the tubes as the process streams flow from

inlet to outlet,
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The mechanics of tubeside flow are relatively well understood and
deisgners may refer to standard texts e.g. Rosenhow and Hartnett (1973),
Perry and Chilton (1963), Coulson and Richardson (1970), Kern (1950),

to name a few. However, this is not so for shellside flow where the
mechanics are only understood in a limited manner and so any investigation
into shell-and-tube heat exchangers must necessarily consider shellside

flow in as much detail as possible.

At the outset of this investigation it is realised that
shellside pressure drop is much more sensitive to flow distribution
than the heat transfer since pressure drop is proportional to flowrate
squared a pproximately whereas heat transfer is only propertional to
flowrate to the 0.6 power approximately. Because of this, the
prediction methods for shellside heat transfer are fairly good, or
at least, do not suffer the large inaccuracies that are possible in
shellside pressure drop prediction. This was recognised by the Heat
Transfer and Fluid Flow (HTFS) at the Atomic Energy Research Establishment,
Harwell, and the National Engineering Laboratory (NEL), East Kilbride,
who generously funded this research with the aim of improving the

shellside pressure drop methods used by them.



1.2 Shellside Geometry and its Effect on Flow Distribution

The flow distribution on the shellside of an exchanger 1s very

comnlex and depends on manvy factors such as

Py
~
1

tizhe bundle lavout and shell/bunidle clearances

2) number of tubeside passes,
3 baffle cut and baffle pitch, and
4) paffle tolerances.

to name but a few, Many nther complications can nccur e.g. sealing

strips, finned tubes, fouling lavers and so nn. The shape of an exXchanger

influences the flow distribution and a complete study of all the

o
jss}
—
JQ
)
—
~

—~

varinus factors is pnractically impossible witiin the scope of a three
year rescarch project. iowever, certain phenomena can be studied in

isloation (and with other effects where possible)in an attempt to build

a realistic picture of shellside [low.

it is presupposed here that shellside heat transfer is lmportant

the overall heat transfer for the remainder of this rfhesis

In ZOVern 1ing

]

and that it Is desirable.to predict the shellside pressure droo accurately.
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The rate of heat transfer is significantly increased by the

introduction of baffles (Figure !.2) which perform three functions:-

1) They force the shellside fluid to flow across the pundle

rather than axially along the tubes, increasing the

effective path length.

2)  The shellside velocity is iacreased promoting
turbulence and hence heat transfer.
3) They act as tube supports preventing the tubes

from vibrating which can lead to tubes fracturing.
tee) >

The 1ntroduction of baffles increases heat transfer but at the
expense orf increased pressure drop in the exchanger., (If the shellside
1s not the dominant heat transfer resistance then addition of baffles
may only serve to 1lncrease the snellside pressuve drop with very lictle
galn overall to the heat transrer). Clearly the gain in heat transfer

has to be offset agalnst the increase in pressure drop.

Ideally, all the shellside fluid should be deflected across the

tube bundle to give the maximum heat transfer, o




In reality, this does not happen and only a fraction of the fluild

flows in the desired manner. There are two main reasons for this:-

1) Much of the fluid bypasses the bundle altogether and

tries to flow in the gap between the bundle and shell

which has to exist in order to be able to insert the bundle

into the shell. For certain types of heat exchanger duty

it is necessary to remove the bundle for cleaning which

can}lead to very large clearances (over 10 cms 1n a

commercial exchanger) and hence a very large portion of

the sheilside fluid may flow through this path. This
bypassing is often reduced by the introduction of sealing
strips which block the gap between the bundle and the
shell and force the fluid into the tube bundle (Figure 1.3).
There is some doubt about the true effectiveness of these
sealing strips. In this present work it is contended that
the increase in heat transfer is not offset against the
resultant increase in pressure drop unless the strips are
placed close enough togethier to prevent a number of byvpass
streams being formed in-.series. I[f bundle bypassing 15 a
serious problem, then it is believed that one should consider
alternative baffle arrangements such as rod baffles (Small (1979) )

or even different types of exchangers altogether such as

plate heat exchangers.

- 7=




FIGURE 1.3 : THE USE OF SEALING STRIPS TO
BLOCK THE BYPASS LANES

BYPASS LANE SEALING STRIP ——
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~

There 1s a necessary tolerance between the baffles and the
shell (Figure 1.4) in order to be able to insert the fully
assembled bundie into the shell, Similarly there is a
necessary tolerance between the tubes and the baffle
(Figure 1.5). Shellside fluid can preferentially leak
through these tolerances from baffle space to baffle space

rather than flowing between the baffles as desired.

I'he shell-baffle leakage is probably the more serious in the
sense that this strean does not directly contact with the tube-bundle
and hence can be a serious loss of efficiency. However, it should be
realised that although the tube-baffle leakage must be in intimate contact
with the tubes, this stream is usually the much larger of the two
streams, especially in larger exchangers and hence may still represent
a significant loss of efficiency. From the point of view of designing
an exchanger certain assumptions are required about the effectiveness
of these leakage streams in heat transfer but no attempt is made in this

work to study this as it 1z clearly a subject in its own right.

Bundle bypassing and baffle leakage can represent considerable losses
in efficiency of the exchanger. T[he crossflow in acommercial exchanger
may only be 30-60L of the total flow which means an exchanger needs to be
considerably larger than is theoretically possible. Again this is offset

by the fact that larger exchangers usually have lower pressure drops.
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cross-section of baffle

tube
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fluid flows through
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across the tube(s)
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tube~-baffle clearance

Figure 1.5 : TUBE-BAFFLE LEAKAGE




in excellent diagram showing the major flowpaths in an exchanger is
ziven by Tinker (1951) in Figure 1.6.
There are additional complications which may occur and some

are briefly described below:-

e
s

fouling can block baffle leakage paths causing the
nressure drop to rise sharply and the heat transfer to

be reduced markedly.

N
N

There is a possibility of internal bypass lanes caused by
multiple tube pass arrangements which are often used to

increase the tubeside heat transfer coefficient.

3) sometimes exchangers are designed with no tubes 1n the
window region to prevent tubes having too long an unsupported

length which could give rise to vibration problems.

4) The shellside pressure drop may be so limited to make it
necessary to consider other baffle types than the standard
‘single-segmental' baffles which are most often used e.g.

' doubl e-segmental' baffles (Figure 1.7).
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The 1ist is virtually inexhaustive with such effects as nozzle

izes, tube bundle optimum layout, whether to design exchangers in

or "networks'". In this work, it was decided to consider the
nplest baffled geometry possible which is representative of a
mercial exchanger. Furthermore, only single-phase effects are

isidered (two-phase applications e.g. condensers, add a whole new

Unly clean single-segmental single-phase exchangers with plain
full tube bundles are considered i.e. the "E" shell
(1958 ) ). <{he major variables to be considered stem

edominantly from the baffle geometry:-

) effect of baffle cut,
2) effect of baffle pitch,

3) cffect of baffle 1leakage,
1d also

4) ef

[
=
®
0
(w3

of bundle bypassing.




1.3 Objective of Thesis

The objective of this thesis 1s to study the effect of
shellside geometry (in particular the baffle geometry) on shellside
flow distribution and to develop a reliable prediction method for
shellside pressure drop which can be used with confidence by

commercial heat exchanger desligners.




REVIEW OF PREVIOUS SHELLSIDE PRESSURE DROP PREDICT ION METHODS

In this chapter, the two main tyﬁes of method for estimating
shellside pressure drop are reviewed, outlining their advantages
and disadvantages. The review ranging from very simplistic to very
complicated methods, shows the influence of computers in the development

of shellside methods.

2,! Model Types In Shellside Pressure Drop Prediction
"he calculation of snhellside pressure drop has been investigated
by a number of researchers and many different methods have been proposed.

They fall broadly into two categories

i single-stream models , and

8%

)] multi-stream models ,

Single-stream models treat the shellside flow in an analogous

manner to pipe flow and may or may not apply correction factors for tne

effects of baffle leakage and bundle bypassing.

Multi-stream models calculate the shellside pressure drop by

calculating the flow distribution, in an analogous manner to

niping network methods.




There is a third type of model which treats the shellside as a
porous medium and attempt to solve the Navier-Stokes equations using
finite difference/element techniques. This type of model does enable
one to predict effects that the first two cannot easily do, obut these
methods are extremely complicated and require extensive computation.
Fven with today's high speed computers, the time taken is still impractical
especially when the uncertainties in shellside flow are considered.

From an engineer's viewpoint only single-stream and multi-stream models

are considered. as they enable relatively simple solutions.

2.2 The L evelopment of Shellside Pressure Drop Prediction Methods

The development of shellside pressure drop prediction methods has
been largely influenced by the availability of computers. It has been.
long since. recognised that the number of independent variables on the
sheillside is large, and hence a full analysis of shellside [low 15
impossible. Consequently ecarly researcnh tended to treat shell-and-tube
exchangers as 'black-boxes' and ignored the shellside flow to a large
extent although fairly basic attempts were made to correlate some of
the more major geometric aspects such as baffle spacing. By the late
1940's and early 1950's it was realised that such ar approach was
inadequate and hence later researchers attempted to model the shellside
flow. By the 1960's access to nowerful computers meant that it was
possible to consider the multi-stream models to obtain the shellside

pressure.drop.




Virtually all the subsequent developments have been based on
multi-stream models. Figure 2.1 gives the chronological order in

which the models have been published (although not necessarily their
original development)., From this chart is is seen that the development
of shellside models has not been a linear path but rather the
development of two main paths with the emphasis going in different
directions. Prior to 1942 there was no attempt to calculate shellside
pressure drop other than assumming that 'ideal tube-bank' correlations*

applied to the whole exchanger.

One of the earliest developments was that of Short (1942) who
considered the individual components of pressure drop in a semi-analytical
manner. He considered crossflow and windowflow separately but di not
take the effects of baffle leakage into account. During the 1940's
it was realised that the effects of baffle leakage and bundle-bypassing
had great influence on the design of exchangers. The first to deal
with this problem was Tinker (1948) presenting the first multi-stream
method. The extremely valuable contribution that he made to the
understanding of shellside flow cannot be over-emphasised. Examining
the time-chart it is seen that future developments of the mulhi-stream
mqﬂwig did not occur until the 1960's with the advent of high

speed computers.

#An 'ideal tube-bank' is a rectangular bank of tubes with no
bypassing e.e. all the shellside flow is in crossflow,

- 19 -
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PRESENT DATE

Figure 2,1 : THE DEVELOPMENT OF SHELLSIDE PRESSURE DROP
PREDICTTION METHODS
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nfortunately for Tinker, his method was never to achieve popularity
ecause it was extremely lengthy and in any case, the methods used

were rather suspect because of the tack of adequate data to develop

reliable correlations for each flowstreanm.

Also during the 1940's with the expanding chemical industries,
there was a greater need to be able to predict shellside pressure drop,

which led to the development of the single-stream models which had the

reat advantage of simplicity. Kern (1950) published his well-known
worrelation based on actual heat exchangers in service. The correlation

treated the shellside flow in a manner analogous to pipe flow.

Williams, Katz and also Donohue (1952) developed similar types

correlations although they treated the crossflow and the windowflow

>parately.

By the mid 1950's it was realised that these simple correlations

re hopelessly inadequate because they did not allow for the effects
bypassing or baffle leakage. It was self-evident that any method,

be reliable would have to take both of these effects into account.

ly the model of Tinker could do-this- but it was not in a form useful
engineers. The American Society of Mechanical Engineers (ASME) embarked
an ambitious project at Delaware University along with other

rganisations, to study shellside flow with the eventual aim of developing

accurate method for use by engineers.
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The 'Co-operative Research Program' or, the 'Delaware Research Program'

as it is often referred to, continued for 12 years gaining much valuable
data on many aspects of shellside flow. Bell (1960) recognised Tinker's
model and its inherent difficulties and developed his well known method

by assuming an exchanger to be as series of ideal banks connected by
turnaround zones (windows) and applying empirical correction factors for
the effect of baffle leakage and bundle bypassing. The advantage of

this approach was that the method could be expressed semi-graphically and
hence was relatively easy to use. Taborek (1983) has recently modified
this method improving some of the correlations but, in essence, the method

15 still the same,

Although Bell's method represented the last of the single-stream
models, it is widely used to date by many designers as, at present, it
is the only reasonably accurate method available in the public domain.
A1l subsequent developments of shellside models have remained proprietary

to organisations such as HTFS, or HTRI*,

Also worth mentioning, is the method of Buthod (1960), essentially
the same as williams, Katz, and Donohue, but rather more comprehensive.
The advantage of this method was that it was almost entirely graphical

which was very important in the late 1950's and early 1960's.

* Heat Transfer Resééfch, Incorporated,'éihambra, Caiifornia U.S AL
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Although Buthods's method never achieved popularity it does illustrate

that the needs of engineers were being seriously considered.

Whitley (1961) compared Kern's, Williams, Katz and Donohue's,
Buthod's and Bell*s model with field data concluding that Bell's model
was the most accurate because it allowed for bypassing and baffle leakage.
Ultimately the other methods became obsolete with Bell's model becoming

the industry standard.

By the late 1960's, the advent of high speed computers meant
engineers were designing exchangers using extensive computer programs
and it was realised that these programs Were often of limited use because
of the uncertainties especially on the shellside, involved in heat
exchanger design. By now, the cost of fundamental research was so high,
companies were jointly contributing to continue research in shell-and-tube
heat exchangers leading to the development of HTFS in the U.K. and
HTRI in the U.S.A. T[he unfortunate side effect of these "clubs' 1is
that virtually all shellside work since ‘969 has remained proprietary

being published in qualitative form only.

Palen and Taborek (1969) examined the Bell method and realised
that it was not possible to extend it any further without resorting

to a very lengthy and prohibitive research programme.
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It was clear that there was a need to model the flow in detail and so
they explored the potential of Tinker's model. It seems ironic that

it took over 20 years of detailed investigation of shellside flow before
the full potential of Tinker's model was explored and yet Tinker had

developed his ideas on minimal knowledge of shellside flow.

Palen and Taborek produced the first useful model based on Tinker's
model 1.e. the WSTREAM-ANALYS IS METHOD" which as its name suggests analyses
each flowpath separately. Subsequent developments have been by Parker

and Mok (1968) who attempted to solve the pressure drop across the whole
exchanger, by Grant and Murray (1972), the "DIVIDED-FLOW METHOD" and

Moore (1979), the latter two methods being proprietary to HTFS.

Also shown in the chart are the developments as a result of this
work. As a result of insight gained in this work, a new method has

heen developed for ESDU (1983) by Wills (1984) which is a simplified
method based on Tinker's model, which 1s very accurate and yet simple
enough to be used as a hand-method. The bulk of this thesis 1s concerned
with the development of the WSTREAM- INTERACT [ON" model which is believed

to be the most accurate method avallable to HTFS.

- 24 -




3.0 A DETAILED EXAMINATION OF SHELLSIDE PRESSURE DROP PREDICTION METHODS

This chapter examines the most commonly used methods for shellside

iressure drop prediction (both past and present) in detail to ident ify

heir individual strengths and weaknesses. A framework is identified

or a reliable method, and also areas for future research are identified,

Single-Stream Methods

As shown in chapter 2, the methods can be split into two main

ategories:~

1) single-stream methods,

2) multi-streanm methods.

single-stream methods are mainly of historic interest and are discussed

rst. The methods are presented in order of increasing complexity,

ther than in chronological order. A summary of the main features of

e methods is given in table 3.1. Sections 3.1.1 to 3.1.5 outline the

equations of the methods with section 3,2 discussing the features of

e methods in more detail.

1 Kern (1950)

Kern treated shellside flow in a manner analogous to flow in a pipe.
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TABLE 3.1:

SUMMARY OF MAIN FEATURES OF SINGLE-STREAM METHODS

WILLIAMS

ETHOD SHORT KERN KATZ BUTHOD BELL
FEATURE DONCHUE
EASE OF FAIRLY VERY VERY QUITE QUITE EASY
USE EASY EASY EASY EASY BUT LENGTHY
TOTAL YES YES YES YES YES
PRESSURE
DROP
CROSSFLOW YES NO YES YES YES
PRESSURE
DROP
WINDOWFLOW YES NO YES YES YES
PRESSURE
DROP
BYPASS ING NO NO NO NO YES
CORRECT ION
BAFFLE~
LEAKAGE NO NO NO NO YES
CORRECTION
END~-SPACE NO NO NO NO YES
CORRECTION
GENERAL VERY VERY POOR POOR MODERATE
RELIABILITY POOR POOR
RECOMMENDAT ION NO NO NO NO YES
AS A DESIGN (WITH
METHOD CAUT ION)
POSS IBLE NONE NONE NONE NONE LIMITED
FUTURE WITHOUT
EXTENS ION EXTRA

EXPERIMENTS
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He gave the shellside pressure drop as

£.m.D

T S
= ————— (N 1
App = 5 b_ S Oy +

(3.1)
where the friction is obtained from a friction factor versus Reynolds

Number chart (similar to the Fanning friction factor for flow in a pipe.)

3.1.2 Williams, Katz (1952), and Donohue (1949)

Donohue presented a correlation for the windowflow pressure drop

(per baffle space) as

N

-

.
Ap = 1.087x10° =

Je

(3.2)

Willians and Katz used the above to obtain a crossflow relationship

by subtracting the total windowflow pressure drop from the total pressure
drop, correlating the crossflow pressure drop using

¢2
m
N —= ¢ (3.3)
ccop s
where the friction factor is also obtained from a

friction

tactor versus
Reynolds Number chart.

[he total shellside pressure drop is then given Dy

= (N 1 + N
- (.\B+ )Apc BADW

(3.4)
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1.3 Buthod (1960)

This method is similar to Williams, Katz, and Donohue's method

ven above. The key equations are

Ap = 1.67x10 "5~ (3.5)
ind
F AN
= (3.6)
Ap 5

- where F and A are obtained from graphical charts as a function of the mass
veloclty, ﬁc. The total pressure drop is then given by

- (x 4 N (3.7)
Ap, = (Ng + DAp * Nbp,

1.4 Short (1942)
This is provably the earliest shellside pressure drop prediction

method to be developed. Short's equations were

b 2
5 2 s 2 < PV,
g - s c W W ° - —
Ap,, = ((0.42-0.45 =) + (1-5=) ¥ (ﬁi + 353107207 (3.8)
S S
nd
P -D s 2 s 2 2
Ap = 25— - (=H v Py (3.9
c D S S c 5
0 p m 2
and the total pressure drop is glven by
= (O 1 N (3.10
Ap_ = (AB + -)Apc + Agpr ( )
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5 Bell (1960)

This is the most comprehensive of the single-stream methods,

ng baffle leakage and bundle bypassing into account. Only the main
tions for turbulent flow are presented here. Iiis method treats the
anger as a series of ideal tube-banks connected by turnaround zones
dow zones). The pressure drop is calculated for both of these,
ming all the fluid flows through them, applying correction factors
baffle leakage and bundle bypassing as shown below. The ideal

sflow pressure drop is given by

the ideal windowflow pressure drop is given by

2
v
PY,

W tw 2

‘e the geometric mean velocity, Vs is given by

Ap =Ap' R (3.24)
C e ]
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Bell also defines a correction factor for the end-spaces where the

fluid enters or leaves the shell. At the inlet (or outlet) the number

of rows crossed by the shellside fluid is greater than in a baffle space

in the middle of the exchanger (a mid-space). A later modification by
Taborek (1983) also allows for the fact that the inlet or outlet
end-space is usually larger than a mid-space. Bell assumes that there

1s bundle bypassing but no baffle leakage in the end-spaces i.e.

Ap =A4Ap' R, R (3.16)

Finally the total pressure drop is given by

Ap..

T
1

~ Noo- 10 N 3.17
2Ape + (0 1)Apc + N\pr ( ),

B 3

72

Ry and R are either obtained graphically, or from curve fits, with
L

the expression for Re being an analytical expression.

3.2 Discussion of the Single-Stream Methods

Of all the methods, only the Bell method is still widely used today.
Whitley (1961) has shown thaf this is the most reliable for his field data,
with the methods of Kern, Williams, Katz and Donohue, and of Buthod glving
very unreliable predictions, overpredicting by up to a factor of 10 in
some cases. The maln reason for the improved reliability of the Bell
method 1s due to the use of correction factors for baffle leakage and

bypassing.
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It is useful to note that all the researchers, except Kern, have

generally correlated crossflow pressure drop in the ideal tube-bank form

C C C
Qp_  =—5 (3.78)

although the definitions for NC and fc vary. Many other researchers e.g,
Bergelin (1954), Boucher and Lapple (1948), Grimison (1937), Moore (1974),
Butterworth (1979), ESDU (1979) have correlated crossflow pressure drop

in ideal tube~banks and it 1s not intended to study this aspect in any

further detail in this work.

The situation is radically different for windowflow pressure drop
with Short and Bell both making semi-analytical analyses, with Buthod
and Donohue obtaining very simple but clearly inadequate empirical
correlations. It is already clear that there is a need to devise a
rational method for windowflow pressure drop based on sound correlations

or physical modelling.

It is immediately evident that the single stream methods do not

offer much hope of success in being able to predict accurately shellside
pressure drop. The remainder of this chapter describes the multi-stream
methods in detail and shows how any reliable method must allow for

baffle leakage and bypassing.




3.3 Multi-Stream Methods

O0f all the multi-stream methods, only that of Tinker (1951) is
in the open literature, all the others being proprietary. The methods
are presented here, paying attention to the correlations and/or methods
used to obtain the pressure drop, rather than the actual solution procedures,
llowever, the solution procedures are an important aspect of these methods
and the solution procedures of four of the methods are given in Appendix 1,
showing the contrast in the techniques used. In order to understand

multi-strean methods, a discussion of the main features is given.

3.3.1 Pressure Drop and Mass Balance Relationships

Consider a simple flowstream model consisting of five streams:-

1) crossflow,
2) bypass,
3) windowflow,

4) shell/baffle leakage,

and

5) tube/baffle leakage,

as shown schematically in Figure 3.1. The model is analogous to an

2lectrical resistance network, with pressure drop equivalentts voltage,
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flowrate<ﬂwuumm¥&;Current, and the hydraulic resistance Qﬂg}“aleﬁﬁ Fo
electrical resistance, excepting the hydraulic resistance is a function
of the flowrate necessitating iterative solutions. It is possible to
define a set of equations to solve for the pressure drop per

baffle-space i,e.

Ap = Ap. (3.18)
c b
- A = 3.19
Ap, =4p, = dp (3.19)
Ap = Ap + Ap (3.20)
o) C W
»‘ = A . 5 1 1‘: 21
M. = Mo mb + JS + lt (3.21)
Moo= oo w -y (3.22)
W | S C

Also defining
Api = ¢ M 3 (3.23)
for each of the five streams leads to a set of 10 equations with 10
unknowns and hence a solution can be obtained for the flowsplit and the
pressure drop per baffle space. This pressure drop is then multiplied by
the number of mid-spaces, adding on the end-space pressure drops and also,
the nozzle pressure drops, if appropriate, glving the total shellside
'pressure drop.
From Appendix 1, it 1is seen that the number of simultaneous equations
’can be reduced quite dramatically to 2 for the 'Divided-Flow® method,

but this is at the expense of an unnecessary complicated nLN“BT‘Q@‘qésoluk‘o“




procedure for the resultant non-linear simultaneous equations., Of all
the procedures, the method of Moore is the most efficient, requiring

only a few relatively simple calculations. A simplified iteration

scheme 1s shown below.

A simple relationship for the pressure drop as a

function of flowrate is defined

Ap. = n ﬁ? (3.24)
1 i1

n.o= fF &M, ) (3.25)
i i

and substituting these into equations 3.18 to 3,22 gives

;’1 = 1 1 1 1, > 1 (3.26)
W - -2 R A 5
t+ o+ 0 (ng n,J" #n )
Ap =n i (3.27)
iy Woow
_t L -2 k2 (3 D)
’ o 2 L)
= v “+
Apv (AC Ny ) g
Moo= (Apc)/é (3.29)
e n
c
Ap %
c (3.30
M=
D ( nb)
Ap XD PO
Ho= (D) (3.31)
s ng
Ap_ 3 ; ERE
f = (——B\ or alternatively from the mass balance .32
~‘t nr/ ’
Moo= M- M - M (3.3
e 7T Ywo s
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the iteration scheme is then:-

D yuess n , n
1 n n,
5 SJ 't’ C’ b
2) calculate M , n
W W
3) calculate App, pr, Apo' Check if the iteration has converged.

If so then stop, otherwise continue from step 4

4)  calculate the new flowsplit, M , B, M , M
c b S t
5) re-evaluate Ngy Ny Ny Dy and continue from step 2
Rosenhow and Hartnett (1973) state " It is possible by means of complex

reiterative programs for high=-speecd computers to improve prediction

methods markedly, but no such programn is now in the literature'.

™

The above analysis shows that the method does not need to be complicated.

Ultimately, the success of any multi-stream model depends on the

pressure drop/mass flowrate relationships used and the

O
L3
t
-
®

accuracy
assumptions used to develop the multi-stream methods,. Sections 3.3.2
to 3.3.6 outline the basic:pressure drop/mass flowrate relationships

of the four known multi-stream methods. A fifth method by Parker' and

Mok (1968) is also included, as their method takes a slightly different
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approach to the above type of procedure, solving for the whole exchanger,

rather than just a single baffle-space.

3.3.2 Tinker (1948, 1958)

I
i

flnker initially presented his method in 1948 which used the
scheme given in Appendix 1. The method was never a success primarily

because of the difficulties in understanding the method. There were

two main reasons for this:-

1) the style of Tinker was very hard to understand because
of a poor and rather incomplete presentation, especially
the explanation of many of the assumptions he used in
deriving the equations, making them virtually impossible
to follow,

2) Even assuming the equations were understood, the method

was exceptionally lengthy, and hence was not used.

In 1958 Tinker republished a simplified version of the 1948
method which was semi-graphical. This simplified method calculated
the crossflow fraction and then, calculated the crossflow and windowflow
pressure drops summing these along the length of the exchanger to obtain

the total pressure drop. There was no iteration involved in this later
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method as Tinker made many gross simplications based purely on

guesswork, as no shellside data of suitable form were yet available,

It is not intended to show this method in any detail, except
for a few key equations to illustrate why even this simpler method

was never popular. The crossflow fraction 1s calculated by

o= (a+ . =) (3.34)
o p [P

where Tinker introduces the rating number (Np) which is a function

of geometry, determined by

ZtS DS 5 QS Pt
s 't b "t 0
(3.35)
is given by
£ F_ My 2 . '
Ap = 0.355 C_ 3 =— (==—) (1 +- (3.36)
p c @ 107 A S
1 A
4,08 144 Lb s 0.3
where » = /P , Y = ( S a) (3.37)
S C C Ly W
c 2 s

and C , C_, C, are also functions of flowrate and geometry.
o a 2

£ven examining the above equations which are for 1inline triangular
tube layouts, it is clear why Tinker's method never became popular, being
extremely difficult to understand. In one sense, it 1s because of Tinker

~that the multi-stream methods were not developed until .the advent.of
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omputers, as the exchanger industry wanted a reasonable method which
s simple to use, and easily understood. Naturally, Tinker's method
s superseded by the B8ell method described in Section 3.1.5. It was
1ﬂot until the late 1960's that Tinker's ideas were taken seriously

. by Palen and Taborek whose method is described ia the next section.

’3.3.3 Palen and Taborek (1969)

Pzalen and Taborek developed the first truly iterative flowstream
ethod in the mid 1960's based on the ideas of Tinker (extending it to
: ;hC1ude a pass-partition lane). Unfortunately the cost of developing

STREAM=ANALYSIS' has meant that this method has remained proprietary

/”ffo members of HTR1. The method was published in qualitative form in

69 outlining the iteration technique and the form of the correlations
ed for the pressure drop/mass [lowrate equations for each of the
wstreams. ihese are briefly described below in terms of the velocity

ads where

s
M7

i (3

Ap = C K: ) \.).3&))

R
A
1

is most likely that C = 5 P, being the usual form, The various K

)

lues are given for each stream,

ossflow

crossflow K walue is obtalned in the usual ideal tube-~bank form 1i.e.

K =4 f x B | (3.39)




- Bypass
This was correlated from data obtained from commercial sized bundles
(almost certainly rectangular bundles with bypass lanes present). The
spread of bypass clearances represented a typical spread found in
industry. The form of the correlation is similar to the crossflow being
Kb =4 fb Nb Qb (3.40)
where @b takes into account the difference of viscosity between the
crossflow and the bypass stream., It is implied by Palen and Taborek that
the friction factor relationships for the bypass were deduced rather
than explicitly measured. To measure bypass flowrate is actually a
difficult operation, Instead the bypass friction factor 1s deduced from
ideal tube-bank correlations and the measured pressure drop from the
bundles with bypassing present. From the measured pressure drop, the
crossflow portion of the flowrate can be estimated and hence the
bypass flowrate can be estimated. From the measured pressure drop and
the calculated bypass flowrate, the bypass friction factor is then
obtained. Of course, it is assumed that the bypass and crossflow paths
do not affect each other. Appendix 3 shows the analysis for obtaining

the bypass friction factor.

Windowflow

This is perhaps the most doubtful of the relationships developed as

Palen and Taborek attempted to produce a semi-analytical model ‘for
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the windowflow pressure drop but still had to rely on an empirical
correction factor. It is known that the model has been changed but
details are not known, except that their new model allows for windowflow
bypass and has probably dispensed with the empirical correction factor.
lHowever, in the original formulation, Palen and Taborek defined the

window losses as

[as
N

K =4 f N F_+26 (3.4

The first term accounts for the frictional losses in the window and
the second accounts for the turning losses. The form of the first
term strongly suggests that frictional losses in the axial direction
are ignored but the crossflow-in-the-window losses are not. also the
form of the term©is not known except that it varies from 0 to 1 as

the baffle spacing varies from very large to very small compared to

the shell diameter.

Shell-baffle Leakage

This was correlated as two parts using data from orifice measurements.

The two parts were

1) frictional losses, and
2) geometric losses, as
Bl',
K =K + 4 f — P (3.42)
s gs s tS ’s _ :
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The second term accounts for the frictional losses through the orifice,
and the first term allows for the expansion/contraction losses. Kgs is

effectively a discharge coefficient, correlated as a function of the

orifice geometry 1.e.

K _=f&38,c 3 (3.43)

Tube-baffle Leakage

'he form is identical to the shell/baffle leakage (although not

numerically the same) i.e.

. By
K =K =4 f —C¢ (3.44)

Pass-Partition Flow

™

"his is correlated in a manner similar to the crossflow and the

bypass as

K = (4§ N 44 f N )P (3.45)

the first term accounting for the losses in the inline pass-partition
and the second term allows for the tie-rods that may obstruct the

flow in the 1ane.

Appendix 1 gives details of the iteration technique used by

Palen and Taborek in the 'STREAM-ANALYSIS' method which combi ned-with

the equations above givesthe shellside pressure drop and flow distribution.
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3.3.4 Grant and Murray (1972)

This method, the 'DIVIDED-FLOW' method is also based on the method of
Tinker but is actually .simpler in one respect, as Grant and Murray made
no attempt to model the flow in any of the flowstreams, relying solely
on correlations of experimental data. This may not be considered to
be the best approach and yet it is fairly reasonable as Grant and Murray
realised that the key poilnt was that if the correlations used were
applicable over a wide range, then it was unlikely that theowrall method
would be extrapolated outside its range. Of course, the counter argument
to this is that correlations are not usually applicable over a wide range.
This is reflected in some of the correlations used, because of lack of
adequate data. Iiowever the correl ations used probably represent the best
from the point of view of HTFS, and as such remain proprietary to HTFS.
The form of the correlations is given below, again in terms of the

velocity heads lost.

Crossflow
The correlations is in the usual form of an ideal tube-bank,

K =4 f N (3.46)

Bypass
Again this is in the same form as Palen and Taborek 1.e.

K. =4 f_ X (3.47)
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Wwindowflow

Rather than attempt to model the pressure drop, Grant and Murray found
they could accurately correlate the available windowflow pressure drop
by using the ratio of the windowflow to crossflow areas as the

correlating parameter i.e,

:\
K = f 4Tw> (3.43)

W E
cl
In turbulent flow this expression is independent of flowrate. Of course
thlis expression implicitly allows for the frictional losses in the window,
including the crossflow-in-the-window losses. IHence the crossflow equations

only account for the frictional losses between the baffle overlap region.

Shell-Baffle Leakage

This was simply defined as the friction factor, obtalned by correlating the

data of Bell (1958) in terms of Reynolds Number 1i.e,

Tube~Baffle Leakage

This was obtained similarly as above as

Pass-Parcition Flow

This was obtained in a similar manner to Palen and Taborek except that the
tierods are ignored i.e.
K =4 f X (3.51)
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Although Grant and Murray's correlations are rather simple in form,

the method becomes unnecessarily complicated because of the manner in
which the friction factors were obtained. The friction factor for any

#Zream 1s defined by

Because Grant and Murray did not choose the Reynolds Number definitions
¥ary well, they ended up having to produce many separate correlations,

resultlng in unwieldy *look-up' tables for the values of a; and bi‘

r example the crossflow Reynolds number was defined as

(3.53)

d Grant and Murray chosen the tube gap as the correlating parameter in
e Reynolds number definitions, then the many different curves for the
rious pit?h—diameter ratios would have been reduced to one for each
pe of tube layout. Choosing the tube diameter meant that there were
Any separate curves, one for each pitch-diameter ratio. The whole
proach of Grant and Murray meant that a potentially simple method

came unnecessarily cumbersome,

Examining the method in detail shows the Crant and Murray method
be really a correlation imposed on the framework of a multi-stream
del and as such must be regarded with a certain amount of caution, .and

»t is is clearly preferable to the single~stream correlations which do
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St calculate the flow distribution. Also the method does give

asonable results but limitations inherent in its concept mean that
- cannot be significantly improved without resorting to either new
and better correlations, should any data become available or to resort

Lo mathematical modelling.

3.3.5 Moore (1974)

The method of Moore (proprietary to HTFS) is essentially similar
the method of Palen and Taborek, although the correlations are
th ined from different sources. Moore uses a rather simpler solution
teéhnique Fea Palen and Taborek (Appendix 1), and hence the method is

very quick. The main equations are given below.

Crossflow
This is obtained in the usual ideal tube-bank form i.e.

K =4 f X (3.54)
c cC
where

f = a Res (3.55)

and the crossflow Reynolds number is defined with the inter-tube gap

as the characteristic length,

Re = (3.56)
C
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Using this characteristic length has meant that it enables many curves
for different tube pitch/diameter ratios to be correlated by a single
line, reducing the number of curves to just 4 for turbulent flow (one

for each common tube layout).

Bypass
Moore correlates crossflow bypass in the usual form 1i.e.

K. =4 f N (3.57)

where

f. = a Reb

The Reynolds number is based on an effective hydraulic diameter of

the bypass lane,

..Tvlb i
b
and
" ( )
Da = 3.60
e - - .
2 (Eb + ALb)
where
p -D
t 0
v - (——— 3.61
£y =ty ( 5 ) (3.61)

inhe term t' is used because it is assumed that the flow-1s still in
D

crossflow until a distance of half of the inter-tube gap outside the

tube bundle, in accordance with the suggestion .of Bell (1963). Thene is

no real evidence to suggest that this is actually true but since bypass
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friction factors are deduced by the method in Appendix 3, then the

definition is merely an arbitraryone in any case.

Windowflow

Moore produced a hybrid version of the Bell method and the method of

Palen and Taborek,

L A

. b . W -
hw = (4 fw—5; + 2sin(x)) AC (3.62)

where the term in brackets is similar to the method of Palen and Taborek.
The first part allows for axial frictional losses and the second allows
for the turning losses as the fluid turns through 180°, It will be noted
here that crossflow-in-the-window losses are not included directly.
Instead, these losses are taken into account by the crossflow equation,
NC being larger than the number of tube rows in the overlap region.

Moore assumes that the crossflow extends to the centroids of the windows.

The second term is actually very similar to the®term of Palen and
Taborek, sin(®) having a value of ! when the baffle spacing is very small

compared with the shell diameter.

For reasons rather difficult to understand, Moore multiplies the
term in brackets by the ratio of the windowflow to the crossflow area.
. - . . 2
This has the effect of converting the velocity term (pr = Kw pvw/Z) to.

the geometric mean velocity in a manner similar to Bell. It 1s apparent
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that Moore attempted to get the best of both worlds in his equation.

Another significant variation in his method is that he treated
the window as two regions, windowflow through the tubed region, and
windowflow bypass as the flow between the edge of the shell and the
tubed region. It is debatable whether there is any great advantage in
doing this as he used the same equations to describe the pressure drop/
mass flowrate relationships. The same could be achieved by assuming
only one stream to obtain the pressure drop and merely proportioning

!

the flow in ratio of the areas.

Shell-2affle Leakage

Moore correlated the data of Bell in-a similar manner to Palen and

Taborek,
n b B,
K malor s f 6 (3.63)
> S S

T
i

ube-3affle Leakage

The same form of equation as equation 3.63 is used-for:the-tube-baffle

-

leakage stream,

c b Bt \
Ko=a (=) +af () (3.64)
t Tt t
where )
F :a(z‘”l ti)b for 1 = s, t (3..65)
t
My
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Pass~Partition Flow

Moore does not include an inline pass-partition lane in his model but it

is a simple matter to do so.

Overall Moore's method is quite an elegant method using simple
relationships for the pressure drop/mass flowrate relationships combined
with an efficient solution technique, Because of this, the method has the

potential to be extended further.

3.3.6 Parker and Mok (1968%)

This method is a multi-stream method but is is a departure from

the baffle-space methods described in Section 3.3.2 to 3.3.5. Parker

and Mok attempt to solve the flow distribution across the whole exchanger

as they reallsed that total flow enters the exchanger and distributes

itself in the exchanger and recombines only at the exit. Implicit

in thelr method is that conditions of total flow never exist at a nodal

point in a mid-space as assumed by the baffle-space methods,

For an exchanger with NB baffles, FParker and Mok define the

following pressure drop relationships, with reference to {igure 3,2

= (i, % 1 Ap_ + X, Ap (3.66)
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A similar equation is defined for the bypass and the windowflow path,
= (N, *
ApT (,B 1) Apb + NB pr (3.67)
They consider the leakage to be as two sets of parallel streams i.e.

leakage in the overlap (o) and leakage in the window (w),

App = N, Ap__ (3.6%)
ADT - N ¢
. Ny ADto (3.69)
N,
Ap.. = - (Ap,  #8p ) (3.70)

N

(Ap_  + Ap

tw

(3.71)

Equations 3.68 and 3.69 arise because there is leakage passing through
a baffle in every mid-space and equations 3.70 and 3.71 arise because

leakage only passes through a baffle every two baffle-spaces,

Tre following mass balances apply:-

(3.72)

and

T M ’ (3.73)
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In principle, defining

for each path (3.74)

will lead to a solution for Ap..

No details are given for the K values, except for a few rather
limitec¢ graphs. Yo method is given either for the solution procedure.
The key point about this method is that it does seem to allow for baffle
leakage in a more rational manner than the baffle-space methods. This
has great bearing on the research in chapter 7 where baffle leakage
in the window is considered. If the above equations are examined 1in
more detail, it becomes apparent that the equations gilven above are not
correct with equations 3.68 to 3,71 requiring the addition of one
crossflow pressure drop (or actually an end-space pressure drop 1f

the method is to be more rigorous).

3.4 Discussion of The Multi-"tream Hethods

The multi~-stream methods are summarised in Table 3.2 and are
compared with the single-stream methods in Table 3.3, Paien and Taborek

(1969) concluded the method of Tinker waé notKQefy accurate,
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TABLE 3.2:

SUMMARY OF MAIN FEATURES OF MULTI-STREAM METHODS

METHOD T INKER PALEN*, PARKER*, GRANT, MOORE
FEATURE\ TABOREK MOK MURRAY
TYPE OF BAFFLE- BAFFLE- OVERALL BAFFLE- | BAFFLE-
METHOD SPACE SPACE SPACE SPACE
POT ENTIAL NO NO NO NO YEST BUT
HAND LENGTHY
METHOD
BAFFLE YES NO YES NO NO
LEAKAGE IN
WINDOW
END - NO YES NO YES YES
SPACES
CROSSFLOW CENTROID| CENTROID BAFFLE BAFFLE CENTROID
EXTENT OF OF OVERLAP OVERLAP | OF
WINDOW WINDOW REGION REG ION W INDOW
ONLY ONLY
INT ERACT IONS NO NO YES NO NO
BETWEEN
STREAMS
RELAT IVE MODERATE | NOT KNOWN| NOT KNOWN MODERATE~| MOD ERAT E-
RELIABILITY ASSUMED ASSUMED GOOD GOOD
MODERATE- | MODERATE-
GOOD GOOD
RECOMMEND ED ASSUMED ?
AS A DESIGN
METHOD NO YES MAYBE YES YES

* These are not known in detail but, as far as is known,
the main features are correctly given.
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TABLE 3.3: COMPARISON OF SINGLE-STREAM AND MULTI-STREAM METHODS

METHOD SINGLE-STREAM MULT I-STREAM

FEATURE

EASE OF USE HAND METHOD COMPUTER
SOLUT ION

ACCURACY POOR-MODERATE MODERATE-GOOD

MODEL TYPE PIPE-FLOW PIPING
NETWORK

POSSIBLE NO YES

FUTURE

EXTENS ION

RECOMMENDED NO YES

DESIGN

METHOD




tending tounderpredict severely by up to 60% in some cases. The Bell
method, being the best single-stream method, fares reasonably well with
predictions of Palen and Taborek's data varying from -50% to + 100%,
with the values usually being conservative. However, the Bell method
does fail in rather too many cases for safety. Their own method, the
'STREAM-ANALYSIS' method gives fairly good predicitians ranging from
-30% to + 50%. This is not as good as it may seem because their method
did use empirical correction factors, which inevitably will have used
their data, and hence good agreement is to be expected. Contrast this
with the HTFS methods of Grant and Murray, and of Moore who avoided the
use of empirical correction factors. They found they could get good
agreement of no-leakage data (¥ 30%) but tended to overpredict the

leakage data by up to 60-70%, suggesting the treatment of leakage was

inadequate.

No attempt is made to discuss the end-spaces in detail, this

being a subject for future work in its own right.

Perhaps one of the main points to be seenj;-in this examination 1is
that all the researchers agreed on how to correlate crossflow and bypass
pressure drop, and even baffle leakage (although not necessarily how to

allow for the leakage) ‘but -all differed in allowing for the windowflow
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pressure drop. Three important questions arise:-

1) How should the windowflow pressure drop be modelled?
2) What is the effect of the frictional losses in the window?

3) What is the effect of leakage in the window?

Clearly each of these questions must be addressed, in order to develop

a reliable pressure drop prediction method.

One implicit assumption in the multi-stream methods is that the
streams do not interact with each other i.e. the pressure drop in any
path is only dependent on the flowrate in that path. It is difficult to
see how this assumption can be true in such a complex flow situation.

This also needs to be examined in further detail.

‘ne model of Parker and Mok seems suited to be able to solve some
of these questions but unfortunately it is not suited for use in design
programs because the method attempts to solve for the whole exchanger at
the same time, whereas the design programs require a local method as
the heat transfer calculations are performed in increments along the
shell, requiring knowledge of the local pressure gradient which can be
easily obtained by the baffle-space methods. To use the Parker and Mok

method would mean considerable iteration between the heat transfer

- 57 -




calculations and the pressure drop calculations which would prove too

prohibitive, even for todays high-speed computers.

Since this work is funded by HTFS, then ultimately it is to the
two HTFS methods that attention is focussed. As discussed earlier, the
Grant and Murray method is rather limited, and is unnecessarily complicated.
For this reason, the method of Moore offers the best scope for development
of a more accurate shellside pressure drop prediction method. The next

section describes the type of method that is sought after in this work.

3.5 Desired Featuresof a Shellside Pressure Drop Method
After examining the shellside pressure drop methods in detail,
the following features are deemed to be necessary for a reliable

prediction method:-

The method will be a multi-stream method with six

[y
~

(or possibly seven) streams consisting of

a) crossflow,
b) bypass ,
c) pass-partition flow,

d) windowflow,
e) shell-baffle leakage,

£) tube~baffle leakage,
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and possibly

2)

3)

4)

g) windowflow bypass.

The method will contain a reliable windowflow pressure
drop model.

The method will allow for interaction between

various streams.

The method will allow for the leakage in the window.
It will use the method of Moore as the starting point

for the new method,

The remainder of this thesis is concerned with the devel opment

of the 'STREAM-INTERACTION' method which helps to resolve many of the

questions raised in this chapter.
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4.0 THE INTERACTION BETWEEN CROSSFLOW AND BAFFLE LEAKAGE

This chapter outlines the discovery of a strong interaction between
the crossflow stream and the baffle leakage stream and the subsequent

development of a model to predict this effect.

4,1 The No-Interaction Assumption of Multi-Stream Models
One of the main features in the multi-stream models is that
thé pressure drop between any two points is constant regardless of
flowpath taken. In solving for the flow distribution, as shown in
Chapter 3, relevant pressure drop/mass flowrate relationships are applied
to each flowstream. These relatlionships are obtained from either theoretical

considerations or from empirical correlations.

One implicit assumption of these models is that each flowstream
can be treated individually i.e. the pressure drop in an individual
flowstream is only dependent’on the flowrate in that path. ~The major
flowstream in an exchanger ‘is the crossflow stream but” in a practical
exchanger there is, also axial baffle leakage which flows normal to the
crossflow. Tt is difficult to visualise how the crossflow pressure drop
can 6n1y be dependent on the magnitude of the crossflow stream,
Intuitively, it is Tealised the crossflow pressure drop must ‘also be*

a function of the leakage flowrate, as ‘there must’ be momentum changes due




to the flowstreams intersecting at right angles. It is hypothesised
that the crossflow pressure drop with leakage present must be greater

when there is no baffle leakage present, for the same crossflow flowrate.

4.2 Experimental Evidence of Crossflow/Leakage Interaction

HTFS has obtained much valuable data from a model exchanger at
UKAEA Winfrith., The model was a copy'of the model used by Bergelin (1954)
consisting of 80 tubes as shown in figure 4.1. Pressure drop measurements
have been taken by Macbeth covering a range of baffle pitches and baffle
cuts under conditions of no-leakage and leakage. Baffle leakage was
eliminated by making special baffles which consisted of two baffle halves
sandwiching a thin rubber sheet which gave a tight seal when the tubes
were inserted as in Figure 4.2, Despite the quantity of data from
Macbeth (1973) there were only three corresponding datasets with baffle
leakage present/not present. Of these, the exchanger with the smallest
baffle cut (18.47%) was chosen as it had the smallest baffle leakage area
in the window zone and it was believed that this set was the one most
likely to exhibit the effect of crossflow/leakage interaction, should

it exist,

Table 4.1 gives the recorded pressure drops for the chosen
non-leakage and leakage geometries (all other parameters being the same)
for a range of flowrates. These data are plotted in Figure 4.3 and,

from this figure, two important points can be noted:-
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[GURE 4.2 : SPECIAL NO-LEAKAGE BAFFLES

THIN RUBBER SHEET
SANDWICHED BY TWO
BAFFLE HALVES.

«— TUBE

INSERTED

SSSSAANA N

T

CLEARANCE SEALED




TABLE 4.1: EXPERIMENTAL PRESSURE DROPS FOR 18.4Y
BAFFLE CUT EXCHANGER

FLOWRATE NO~LEAKAGE LEAKAGE
Kg/s N/m? N/m2
M, Ap_ Ap Ap_ Ap,
0.63 280.6 356.2 68.9 46,1
1.11 741.5 1041,2 163.6 132.,0
1.58 1298, 6 2142 .2 288,9 227.9
2,37 2387.1 4483,6 582.0 477.0
3.17 3952,2 8269.8 1034,5 868.,1
3.96 5546,4 12603,9 - -
4,74 - - 2126.4 1878.1
4,83 74145 17971.8 - -
6.32 - - 3586.9 3312.9
7.90 - - 5380.3 5218.4‘
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1

2)

The flowrate to give a pressure drop of 1000 N/m2 in

the window zone for the leakage case is 3.3 kg/s whereas

the flowrate for the no-leakage case is 1.1 kg/s. From this
it is apparent that approximately two-thirds of the flow in
the leakage case must pass through the baffle as leakage
rather than flowing through the window region. It is
assumed here that the maximum flowrate in the window is

1.1 kg/s for the leakage case.

For the crossflow, a flowrate of 3.3 kg/s for the leakage

case corresponds to a pressure drop of 1156N/m2 which in turn
corresponds to a crossflow flowrate for the exchanger with no-
leakage of 1.5 kg/s. There is immediately a paradoxical
situation since the crossflow flowrate cannot be bigger

than the window flowrate which has been established as 1.1 kg/s
above. Apparently a flowrate of 1.1 kg/s in the crossflow is
giving a pressure drop that would be expected of a-flowrate of
1.5 kg/s in the leakage exchanger. There are two possible

explanations for this:-

(i) The effect of leakage in.the window:depresses.the

window pressure drop.

(ii) The effect of leakage in the crossflow is to enhance

the crossflow pressure drop.
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Explanation (i) 1s not very plausibleas it implies momentum
recovery as the leakage and the window streams mix which is highly
improbable. Explanation (ii). is much more likely i.e. there is an
effect of mixing as the leakage enters the crossflow leading to extra

momentum losses.

For the case shown, it is evident that the effect of crossflow/
leakage interaction exists and is a strong effect. An estimate of the
magnitude of the.effect can be obtained by considering theapparent leakage
crossflow flowrate is 1.5 kg/sbut the probable maximum crossflow
flowrate in the leakage case is 1.1 kg/s, and that the crossflow pressure

drop is approximately proportional to flowrate to the power of 1.8, then

1,5 18

= (o2 = (4.1)
FL= &G Le75

i.e, for the case chosen the enhancement is 757

The data is further examined as only one point value is examined
above, The results of this examination are shown in Table 4.2, In order

to achieve this table a number of steps were required, these being

the no-leakage window pressure drop is correlated against the
window flowrate giving

= 886.36 ﬁi'936 (46.2)




TABLE 4.2: COMPARISON OF CROSSFLOW PRESSURE DROP

WITH AND WITHOUT BAFFLE LEAKAGE FOR

18.47% CUT EXCHANGER

TOTAL FLOWRATE EST IMATED CROSSFLOW EQU IVALENT LEAKAGE
FOR LEAKAGE FLOWRATE NO-LEAKAGE CROSSFLOW
CASE CROSSFLOW PRESSURE
DR()P‘"“2 DROP 2
(Kg/s) (Kg/s) (N/m”) N/m
0.63 0.22 54,0 68.9
1.11 0.37 124.0 163.6
1.58 0.50 200.8 288.9
2.37 0.73 367.9 582,0
3.17 0.99 599,0 1034.5
4.74 1.47 1127.5 2126.4
6.32 1.98 1815.8 3586.9
7.90 2.50 2637.0 5380, 3

* The equivalent no-leakage pressure drop is the pressure drop

that would occur if the crossflow flowrate is the estimated

flowrate and there is no baffle leakage.
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2) a similar correlation is obtained for the no-leakage

pressure drop

Ap = 608,65 M}:"SO“ (4.3)

Equations 4.2 and 4.3 are accurate to # 27 and + 3% respectively.

3) The flowrate in the window for the leakage case is estimated
from the windowflow pressure drop using equation 4.2,

assuming that the equation is valid when the fraction

of leakage is very small.

4) The crossflow flowrate is assumed to be equal to the
window flowrate for the leakage case. This is a conservative

assumption as generally MC is less than Mw.

5) Using equation 4.3, the no-leakage pressure drops can be
estimated at the flowrates estimated for the leakage case
i.e. for any given crossflow flowrate, the leakage and the

equivalent no-leakage pressure drop may be compared.

The results of this ahalysis are shown in Figure 4.4, These
results are quite remarkable, showing the effect of crossflow/leakage

interaction to be a very strong effect enhancing the crossflow pressure
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drop by up to a factor of 2. It is important to bear in mind that these

comparisons depend very much on the assumptions made, namely

1) the effect of baffle leakage in the window is negligible

2) and the crossflow flowrate equals the window flowrate.

The second assumption is fairly easy to justify as it must necessarily
be conservative., Repeating the above analysis with §c<’§w would only

make the effect appear even Stronger.

In order to justify assumption 1 it is necessary to be able to
predict the effect of the leakage in the window. It is reasonable to
assume the leakage only undergoes axial frictional losses as it is not
turned in the window like the crossflow. For the exchanger chosen,

the frictional losses for the axial flow can be estimated as

Ap = 134 Mi 4.5)

The above equation was obtained by assuming an_intube relgtionship
applies for the axial pressure drop. -Although tne,geakgge area is small,
it is conservatively assumed that 207 of the total baffle leakage passes
through the window. .The.axial-losses.are calculated for the crossflow 

only flowing through the window, and with the crossflow plus baffle




leakage flowing through the window. The differenee in these two values
is the effect of the leakage on the windowflow pressure drop. From Table
4,3 it is seen that when this value is compared with the total windowflow
pressure drop, the effect is at most 16%. This in turn means a maximum
error of about 9% in the windowflow flowrate (and subsequently the
crossflow flowrate). Even allowing for this margin of error in the
crossflow flowrate, such large differences between the leakage crossflow
pressure drop and the no-leakage pressure drop cannot be directly

account~d for, .

Overall it is concluded that the effect of crossflow/leakage
interaction does exist and appears to be a very strong effect. It is thus
necessary to be able to predict this effect in order to ensure accurate

prediction of shellside pressure drop.

4.3 The Development of a Crossflow/Leakage Interaction Model

4.3.1 The Prediction of Crossflow Pressure Drop with no Baffle Leakage
Using the Permeability Concept

It is convenient to use the permeability concept as described by
Butterworth (1977). Consider the flow thzrough a rectangular tube bank
(Figure 4.5) as flow in a porous medium. The equations governing the flow

assuming steady state and neglecting gravitational effects can be written
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in tems of superficial velocities as

p,. Qu duy _ _.= . _ 9P

O R A L (4.6)

P v , VQX) = -pR Vv - p 4,7
gy T Yoy Ty T Jy (4.7)
where ﬁx’ Fy are mean resistances incorporating second order effects etc.

The z direction is not considered as there is no flow in the z direction.

The x is the crossflow, the y direction the baffle leakage flow.

The mass continuity equation is

du v
— gy —— = 4,
ax ay 0 ( 8)

In the case where there is no baffle leakage, there is no bulk flow

or pressure gradient in the y direction making equation 4.7 redundant

as v = 0 and hence gv =O,—a—!=0.
dx oy
av . du
As — = 0, then from equation 4.8,6; = 0.

dp = (4.9)

The crossflow pressure drop P, is given by

DZ L
dp = -| R_u dx (4.10a)
X
Py 0
D= (4.10Db)
P2 = Py Rul
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or Apc = quuL 4.11)
It can be seen that the above equation can be expressed in the more
usual friction factor form where ﬁx contains physical property,

geometric and process parameters.

4.3,2, The Prediction of Crossflow Pressure Drop with Baffle Leakage
Using the Permeability Concept

Now consider a more complex flow situtation where there is baffle
leakage in the y direction. The equations governing the flow are as
equations 4.6 and 4.7, A full solution is only possible by numerical
techniques but a few assumptions are made enabling an analytical solution

to be obtained.

1) Assume the crossflow velocity, u, is constant in the
direction of flow, i.e.

u £ f £ x 9

hence

du _ .
ax -0

from equation 4.8 then 3y = 0.

2) Assume the velocity profile of the leakage is constant in the
X axis. This is reasonable as the axial leakage profile will

be influenced by the upstream and downstream conditions, The
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leakage only travels in one direction whereas the crossflow
alternately crosses the leakage stream. It is assumed that

this has the effect of "averaging" out the leakage velocity

profile. Hence

av

# = 0 or v = constant
dx

Equation 4.7 reduces to

Ple iy = LRu- & 4.12
£ (vgy) T MR - 5 (4.12)
rearranging and integrating gives

Apc

qRX L

u (A - eXp(:LEF;L_RX)) (4.13)

The above equation shows that the local velocity u is a function of

the leakage velocity v.

The average velocity, u, can be obtained by integrating equation 4.13

using
"L
B
u dy
-9 (4.14)
L
B d
hence 0 y
Ap L -enR_y
u = l (*—=£-2[ B(l - exp( )) dy (4.15)
LB nRXL 0 pv

integrating, rearranging and isolating gives

nuR_ L
Ap = % =T (4.18)
c PV —equ B
1 - (—=—)(1 - exp( ))
enR_L, Pv
X B

The average velocity is easily calculated being
M

G_ C
T pPA
c

(4.17)




Equation 4.16 is interesting as it means the crossflow pressure drop

can be calculated knowing the superficial leakage velocity v and the

average crossflow velocity, u.

Comparing equation 4.16 and equation 4.11 noting u = u for equation 4.11,
then it is seen that equation 4,11 is a trivial solution of equation 4.16

when v = 0.

Unfortunately equation 4,16 is not easy to use without obtaining
a representative value of‘ﬁg.
4.3,3., The Calculation of the Mean Crossflow Resistance, %x'

For an ideal tube bank where u is a constant, the resistance ﬁx

can be written as

n

R =mu (4.18)
X

where m, n are constants,

The above equation only applies to the local conditions (Rx’ u where

Rx = f &y}, u=f &9 ) when baffle leakage is present i.e.

(4.19)




The mean resistance, R, is given by

L (4.20)

or

(46.21)

(= JL n
nR L (1 - exp( ) dy

R, = Py (4.22)

L. Ap -
mj B c -enR_y

Using equation 4.22 and equation 4.16 one could obtain Apc and ﬁ; (the
solution is simultaneous as Apc is needed to evaluateui; and vice versa).
Furthermore no analytical solution can be obtained for equation 4,22 as

n is a non-integer value between zero and unity and also'i_ix appears on
both sides of the equation. Appendix 4 gives a numerical procedure which
could be used but it is realised that the procedure is very lengthy and
considering the assumption¢in this model, is unsuitable for use in a

design method.

However, if one examines equation 4.19 realising that the exponent

n usually varies between 0.8 and 0.9, i.e. nx 1. Equation 4.21 then becomes

L
S o
- _doMu Y | (4.23)
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or

R =mu (4,24)
It is realised that equation 4.24 is a simplification but considering
the errors involved by not allowing for baffle leakage (giving a factor
of 2 difference in the pressure drop) it is considered a reasonable
assumption. The advantage of this simplification is that equation

4.24 may be substituted directly into equation 4.16 giving

nmul
A = = :
P. ov “menuly (4.25)
(mEqELB) 1 - eXpC——“E;——9)

It is convenient to define a crossflow/leakage interaction factor,

FL’ such that
Apc = Apc .F (4.26)
leakage no-leakage
leading to
pVv -meqﬁLB -1
= - = - 4,27
FL (1 (mEWULB) (1 - exp( v ))) ( )

It is easy to see how equation 4,27 is incorporated into a multi-stream
model since 1, v are calculated (or can be calculated) as part of the
normal solution procedure.

4,4 Validation of the Crossflow/Leakage Interaction Model

4,.4,1 The model has been developed from the flow equations assuming

a rectangular tube bundle. In a real exchanger the bundle is circular.
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Also bundle bypassing occurs and it is reasonable to assume the
shell-baffle leakage interacts with the bypass stream only and the
tube-baffle leakage interacts with the crossflow stream only. This
means the solution of the crossflow pressure drop is iterative, there

being two parallel flowstreams. A flow diagram showing the necessary

procedure is given in Figure 4.6

In order to be able to predict the effect of interaction it is
necessary to be able to predict the baffle leakage flowsplit. This
is done using the equations of Grant (1972). The same exchanger used
to identify the experimental effect i.e. the 18.4% baffle cut exchanger, 1is

used to validate the crossflow/1leakage interaction model.

4.4.2 Two ideal relationships are required for the pressure drops in

the crossflow and the bypass stream which are

Ap =nu ﬁc L (Butterworth (1979)) (4.28)
C
and
=2
Ap. =4 £ N PUb (Russell and Wills (1983)) (4.29)
pb b b “E—
As
M =M +M (4.30)
cr c b

Using equations 430, 4,28 and 4,29 the crossflow pressure drop can be

obtained as

(4.31)
Apc = Apb
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FIGURE 4.8 : ITERATION SCHEME FOR THE
CROSSFLOW PRESSURE OROP
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To allow for the effect of crossflow/leakage interaction equations

4.28 and 4.29 are modified using

¢ = Frenue RcE (4.32)

>4
o
i

Ap, = Fppnuy Ryb (4.33)

where the bypass equation is expressed in a different form. Since EL
Cc

depend on M and M. it is necessary to evaluate F__ and F . within
b c b c Lb

FL L

the iteration scheme.

4.4.,3 The pressure drop is predicted for the exchanger with and
without the effect of crossflow leakage interaction and also the no-
interaction pressure drop 1is compared with the equivalent np—leakage
pressure drop (this being necessary to validate the accuracy of the
correlations being used). The results are shown in Table 4,4 . and

are plotted in Figure 4.7

From this figure it is seen that the no-leakage pressure drop 1s

underpredicted by about 507 at low flowrates but gives reasonable results
at high flowrates. This is, then, the control for éva}hating the

crossflow/leakage interaction model. As is clearly seen the leakage

pressure drop is severely underpredicted in all cases if the effect of
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crossflow/leakage interaction is not taken into account. When the
effect is included the predictions are similar to the no-leakage
control i.e. about 50% low at low flowrates and fairly reasonable at

high flowrates.

Since the leakage predictions give results of a similar magnitude
to the no-leakage predictions when the model for crossflow leakage
interaction is included, it is concluded that the model for crossflow/
leakage interaction is an improvement over the models which do not

allow for crossflow/leakage interaction.

One striking possibility to arise from this model is that the
effect of bypassing in an exchanger may not be as severe as is often
supposed., In applying the interaction model to the:bypass it is found
that FLb is usually much larger .than FLC' This-can.be explained in
physical terms because the ratio of shell/baffle leakage to bypass
flowrates is usually larger than tube/baffle leakage to crossflow flowrates.
As a result the overall bypass resistance is larger than previously
the flow to re-distribute i.e., more flows in crossflow.

supposed, causing

This of course, is clearly anarea for future research ‘into::the understanding

of shellside flow.
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5.0 THE PENETRATION OF CROSSFLOW INTO THE WINDOW ZONE

This chapter describes a model to account for the crossflow effects
in the window zone, The model is based on simple considerations of the
resistances to flow in the axial and crossflow directions. It is shown

that the average penetration is always less than 50%.

5.1 Crossflow-in-the-Window

As shown in Chapter 3, a crucial factor in shellside pressure
drop is the effect of crossflow-in-the-window. TIn the overlap region the
fluid is in crossflow and then it is turned through 180° in the window
region to pass through the next overlap region. Clearly the shellside
fluid cannot instantly change direction but is graduaily turned by the
shellside geometry. The crossflow diminishes in the window from the
crossflow flowrate at the baffle edge to zero at the shell where crossflow

ceases to eXist.

There are two main ways of allowing for the crossflow-in-the-window,
one being implicit and the other explicit. The f{rét/ébproéch is to
allow for the crossflow-in-the-window effects empirigg}ly ?s,in the
windowflow pressure drop correlation of Grant and Murrgy (1972) or,
secondly, defining a crossflow extent which is larger than the oyerlap

region, as per Tinker (1951), Donohue (1949) , Moore (1974) and many others.
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The second approach has been adopted by the majority of research
workers with the simple assumption that "on average" the crossflow flows
to the centroids of the window region. This approach is considered in
this work to be the best approach but the assumption of crossflow flowing

to the centroid "on average'" is believed to be an overestimate.

Consider an "idealised window zone" as in Figure 5.1. Fluid flowing
along path A-F has to travel further than B-E which, in turn, has to travel
further than path C-D. Ultimately the pressure drop along the path A-E
will be greater than C-D. Since the pressure drops along the paths will
be approximately the same, then the mass of fluid travelling along path
c-D will be larger than the mass of fluid flowing along A-E, which means
ultimately a non-linear velocity profile in the plane of the .baffle cut,
This means the fluids centre of gravity in the window is nearer the baffle
edge than the centroid of the window. The next section describes a model
for predicting this centre of gravity i.e. the true average penetration of

the crossflow~into~the-window zone.

5.2 The Development of a Model to Predict the Average Penetration of the

Crossflow-in-the-Window

First consider the models which tassume, that the/crbssflow flows-on

average to the centroid of the windows by considering an ideal exchanger

with a rectangular window. The total crossflow flowrate: 1S Mcr at the
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baffle-edge as in Figure 5.2, and is zero at the edge of the shell.
Assuming a flat velocity profile in the window means that the fluid flows
to the centroid on average. However, as shown in Section 5.1, this is

unlikely.

However, let us first examine this case where it is assumed that
the fluid flows to the centroid. The crossflow flowrate boundary conditions

are

o

M =M at x =0 (5.1)
X cr

ﬁx =0 at x = h (5.2)

Because it is assumed that the windowflow velocity profile is flat in

the axial direction then
db’&x
—_ = (5.3
dx ¢ )

integrating gives

Y ; X

Me = 1 - (5.4)
X Mcr ( h)

However the velocity profile is thought not to be flat and hence the

above equation is invalid. ‘In order to predict the velocity profile,

it is necessary to consider an infinite window as in Figure 5.3.

Consider the path taken A-B, B-C, C-D at a position x where 0 <x<s=o

For path A-B and path C-D -

£ 2
d — X Puy (5.5)
dx(Apx) =-4 PXv“’Z
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As the exchanger is assumed to be rectangular then the \;Q_loc:t\‘}& Uy ot any
g)of;khon X oo,

M
_ X
Ux N P W LB (5-6)
and hence {rom 5.5 and 5.6
f pu2
d X »
e (5.7
dx * 2 P L w2 2 .7
X B
For path B-C, the pressure gradient is given by
d z pu2
—— A = - 44—
s ( pz) 5 27_‘ .

As uz is a function of x only, then integrating equation 5.8 gives

fz LB uZ
Ap = 4 ——— Py, (5.9)
z De 3

The axial velocity is given by

L4

dM

_ z
u, = 7;;—5; (5.10)

where wdx is the elemental area in figure 5.3 and dﬂz is the elemental

flowrate. Since mass conservation must apply then

M =M - ¥ (5.11)
Z cr X
Differentiating equation 5.1 gives
M dM M
z _ cr X (5.12)
dx dx dx
As M i
s or 1s constant then
dM dM
—£ - . X (5.13)
dx dx

and hence



and equation 5.9 becomes

Ap = - 4 fx LB (d&) 2
2 20 ¢ BEANNCE (5.15)

The pressure drop between points A-D is

=2Ap +Ap + A
Bey, Py T °P2 T TPy (5.16)
where Ap¢ is the pressure drop due to the geometric shape of the window.

It is assumed here that the geometric pressure drop is a function of the

shape of the window and not a function of the position x, and hence

< @py) =0 (5.17)

Differentiating equation 5.16 and substituting equation 5.17 gives

d _ 4 d
dX(pr) = &(ZApX) + dX(ADZ) (5.18)

As the pressure drop from A to D is constant regardless of how far the

fluid flows in the x direction then

d
—(A = 5.19
dx( pw) 0 ( )
and hence '
4 f 4 £ L M 2
2 X e L2 2o(gh =0 (5.20)
2p pLSw % X 29D w
X B e
i.e.
dM 2
d Tx (5.21)
_X =0
AM ¥ dx(B(dx ) )
A solution is
. (5.22)
M = C exp(ax)
X
The solution of the differential equation is then
o . ' . (5.23)
AN 4+ 2B ad M =0 '
X X
i.e, '
(5.24)

(A +2 B a3) ﬁi =40 




since M # 0 then

A
a =
32 B (5.25)

Using the boundary condition,

My = Mg atx =0 (5.26)
then

Mx = MC exp (-ax) (5.27)
or

ﬁ =M exp (=—— X) (5.28)

Equation 5.28 gives thevelocity profile for an exchanger with an infinite
window, the velocity profile being due to frictional effects. Of course,
in a real exchanger the window is not infinite, and in a real exchanger
it is assumed that equation 5.28 and equation 5.4 may be combined, the
exponential decay of the crossflow due to friction being imposed on the

geometric decay i.e.

£ D

Moo= v X _L o jx e (5.29)
Mx = Mcr (1 - h) exp( LB 3 . X)
Z X

The fractional penetration is defined as the position at which

M =M /2. As the fractional penetration,f, = x/h then

M
—CT_ h £ (5.30)
5= Mcr(l - f) exp(- L, 3 )
or
5.31)
f = (

This equation is transcendental and can only be solved interatlvelyf

However, it is useful to consider the limits of f.
Consider 5,31 as

j 1 . is posit (5.32)
f =1 - (2 exp(- jf)) = where ] 1S POSL. ’




as §j= 0, £—0.5 (but j>0) and as jsec, f—5> 0 (cannot be negative) i.e.

0 ££<£0.5 showing that the average fractional penetration is not to the

centroid of the window.

The above analysis was developed for a rectangular bundle and a
similar analysis could be performed for a circular bundle but the solution
becomes very unwieldy. Fortunately, the crossflow area is nearly constant
in the window as tubes are removed as one progresses to the edge of the
shell, and so it is reasonable to apply the above analysis to a circular

bundle.

This model cannot be directly tested, but it is used as part of the
windowflow pressure drop model developed in Chapter 6 and it is shown
that application of this model significantly improves the predictions of

windowflow pressure drop.
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6. A MODEL FOR WINDOWFLOW PRESSURE DROP

This chapter describes the development of a model to predict
windowflow pressure drop. The model is compared with existing models
known in detail against, both, openly available and proprietary data.

The model is shown to be as accurate as the best available empirical
correlation without resorting to any empirical correlations of windowflow

pressure drop data itself.

6.1 The Development of A Mechanistic Windowflow Pressure Drop Model
In order to simplify the task of developing a model, it is necessary

to consider the simpler case where there is no baffle leakage present.

Chapter 7 allows for the effect of leakage in the window zone.

Many factors influence windowflow pressure drop but they can -be

divided into two main categories:-

D frictional effects,

and

2)  geometric effects.

The frictional effects occur because of the form drag on the shellside fluld

as it flows along and/or across the tubes. The geometTic effects occur




pecause of the general shape of the window zone, being largely influenced

py the baffle geometry.

Taking the frictional effects first, then these will be of two types:-

1) axial frictional losses as the fluid flows along the tubes,

and

2) crossflow losses as the fluid flows normal to the tubes.

In practice it is expected that the true flowwill be a combination of
both of the above effects but it is convenient to consider the two effects

separately. In chapter 5, a model has been presented to allow for-the

crossflow losses., Comparison of the magnitude of these losses with the

expected axial losses has strongly indicated that the axial portion of

the frictional losses may be safely ignored when developing a windowflow

pressure drop model. Consequently the two streamsS may be considered as

one stream i.e. windowflow and windowflow bypass may be treated as one

Stream,

Taking the geometric losses next, ‘it ‘is cbqtéﬁdéd that the number

of separate effects that need to be considered can be reduced to a

minimum of three, these being,

0
e fluid turns ;hrough>180

1) Momentum losses a5>th¢s55e11$%d

as it makes repeated crosspasses O



2) Expansion losses as the fluid flows from ‘a smaller crossflow

area to a larger windowflow area (or vice versa)
°

3) Contraction losses as the fluid flows from a larger crossflow

area to a smaller windowflow area (or vice versa).

It is speculated here that non-ideal effects, such as recirculation of the
fluid in the window are fairly small in camparison to the above three

effects.

When considering the geometric effects, previous workers e.g. Palen
and Taborek ( 1969, Bell (1963 ), Moore (1979 ), have all included effects
for the turning losses, but none of:them:have taken”thé'chahéing area of
the flow area, as the fluid flows through the window, into account. This
may be because it is generally recognised by designers that the flow-area
should not alter significantly in any case (hence minimising the contraction/
expansion losses). However, in practice, this 'rule of thumb' is often
violated with the crossflow area being significantly different to the
windowflow area, especially when shellside pressure :1;/‘ii? £, isan”
important criterion.

Sections 6.2 to 6.4 describe the proposed models for the three effects

Mentioned above, with seciioﬁFS.S describing the validation of the

Windowflow pressure drop model with experimental



gection 6.6 discusses the results of the validation, along with the

predictions of the other methods known in detail.

6.2 Turning Losses in the Window

In order to develop a model for the turnin

nsider a uniform pipe wit

to cO
given by
PV2
Apturning = f & Eud 2 (6.1)
uhere the Euler number (Eu) is defined by
(6.2)

Eu = Ap/(PvZ/Z)

for a 90° bend, the generally accepted value for f & Euod is 1 e.g.

Coulson and Richardson (1970) give f & Eu 3> 0.8 -

value of 1 is reasonable. Clearly for two
a 180° bend) the pressure drop is. then
2
Ap = zi§§ (6

It is suggested in this work that the turning 10SSes in the

be approximated by

2
A pvw pvcr
Peurning = 2 Y32 -

where the above equation allows for th

. - S0
in the first 90° bend is v_ and v__ for the second 90 bend. The
. W cr R s 1: 2

v, refers to all the flow in the plane of the window (incl

bypass)and Ver refers to all the flow in the plane
bypass. Now the window velocity may pe related to

g losses, it is necessary

o
h a smooth 90° bend. The pressure drop is

1. and hence a mean

. o .
successive 90 bends (i.e.

window can

(6.4)

ownstream velocity

of crossflow inclqding

the crossflow by

.3)

velocity

uding windoﬁflow

(6.5)



and therefore

A, 2 ov’
. = (1 4+ (= —_V
Apturnlng ( (A ) ) 5 (6.6)
cr
When Aw = Acr then ,
pv
=¥

Apturning 2 (6.7)
Compare this with the Bell method which gives

pr = (2 + 0.6 Ntw)-—i—‘ (6.8)
IfA =A then v = v and hence

w cr z w

PV
Ap = (2 + 0.6 N )—5— (6.9)

where the first term (2) in the brackets are the turning losses. Thus
equation 6.6 is consistent with other methods when Aw = Acr‘
6.3 Expansion Losses in the Window

In order to allow for the expansion losses, it is assumed that the
momentum losses due to expansion are not recovered. It is assumed that

the expansion losses can be treated by analogy to a sudden expansion in

two pipes of different diameter.

Holland (1973) gives the sudden expansion 1psseé,a§ fluid flows

from a pipe of diameter d, to a larger pipe:of 

2
pVv

8p = (1 - (d,/a))" =

where v is the velocity in the smaller pipe.



In a shell-and-tube exchan :
ger, the window area (Aw) may be greater

ler than the crossflow .
or smal area (AC). When Aw<ACr the expansion

1oss is given by anology as

Aw 2 pv2
- W W
Apexpansion = A ) 2 (6.11)
cr
and when A > A
W cr 5
ACI‘ 2 pvc
- _ r
Apexpansion = A ) 2 (6.12)

However from equation 6.5 it is seen that when A > A
cr’ w

Acr 2 Aw 2 pvi
Apexpansion = - A ) (A 2 (6.13)
W cr
or
AW 2 p vi
Ap . = (1 - — (6.14)
expansion ACr 2

which is identical to equation 6.11 i.e. equation 6.11 may be used if

the windowflow area is greater or smaller than the crossflow area.

When A = A then Ap = 0 as is expected because there is
W cr expansion

no overall change in velocity as the fluid flows through the window

( although there will be local changes of course).

6.4 Contraction Losses in the Window

Contraction losses as

2
A =y PV
pcontra.cti“on Ks 2




4 (1.25 d1)2) U2
K = 0. . - (— for
here (,dz (d_z) <0.715 (6.16)
d
1.2 d,
K = 0.75 (1 = (=9 for 0.715 < (-1)2<
or d, r 15 (d2 <1 (6.17)

By analogy then the contraction losses for the window are given by

Aw pvi
Apcontraction =a (b --K:;) 2 (6.,18)
where a = 0.4, b = 1,25 for Aw/Acr< 0.715 (6.19a)
or a=0.75,b = 1.0 for O.715<Aw/Acr< 1.0 (6.19b)

The expression above applies when Aw< Acr‘ The expression is slightly

different when Aw>Acr' The equation can be shown as

Aw 2 Aw pviJ
APontraction © 2 (b(K_— - Er') 2 (6.20)
cr cr
where a = 0.4, b = 1,25 for Acr/Aw<0.715 (6.21a)
or a=0.75,b =10 for 0.715<Acr/'Aw<1.”0/ (6.21b)

Agai = = 0 as expected i.e. no
gain when Aw = Acr then Ap contraction P

contraction losses.

6.5 The Validation of the Windowflow Pressure Drop Model

The full expression for windowflow pressure dmpls given as

% Ap,éffo_s sflow-in=the-window
(6.22)

Ap = + A =
P AlDturni ng Apexpansion ; pcontrag,tlvon

where the first three terms are given by the expression in Sections 6.2

to 64, v:The crossﬂow-ein-the—window losses are given by t,he'c»rossflo.w



(and bypass) equations of Moore (1979), expept that the penetration of

the crossflow-in-the window is given by the equations in Chapter 5

There are two suitable sources of experimental data, i.e. no-leakage

windowflow pressure drop versus mass flowrate measurements, these being,

1) data of Brown (1956)
and

2) data of Macbeth (1973),

The latter set of data is proprietary to HTFS. The data, in both sets

of data, comes from small model exchangers with a wide range of baffle
geometries being used. There is, unfortunately, no comparable data for
full-scale exchangers. Fortunately, the range ofigiqdowflow/crossflow
ratios covered in the tests by Brown and Macbeth is sufficiently wide

to encompass the range likely to be encountered in commercial exchangers.
0f course, it is not possib}e to predict any possible problems due to
sented

scale-up of the model but it is felt that the form of the model pre

will not suffer from this problem,

o émp;%ed'with four other

The model developed in this work is als

s abl iheir their
models, others being either very unrellable by their nature OT e
The four

being unknown in detail e.g. Palen and Taborek (1969).

models gare va



1)  Bell

A e
Ap =(2 + 0.6 N )2 w
W tw’ A ) .2
cl 2 P A (6.23)
w
2) Ishigai
Ap = S+ 0,2
6.24
w L 2 p A2 ( )
W
3) Grant and Murray
A, i
Ap = f ¢ > = (6.25
v A 2 p A2 25
cl W
and finally
4) Moore
L Aw ﬁi *
Ap = (4f — + 2 sin(X))} >~ —— +Ap . (6.26)
W c De Ac1 2 p Ai c-in-w

* 3
Fractional penetration of 0.5 assumed.

Figures 6.1 to 6.5 give the predictions of the above 5 models
(including the model developed in this work) for the data obtained by
Macbeth (1973) at Winfrith. The initial comparisons for these data, by
the model developed here, assume a fractional penetration of 0.5.

Figures 6.6 (a) and 6.6 (b) show the effects of'allﬁwing for a variable

crossflow penetration as shown in Chapter S and ina 1&’Eigure 6,7 shows

the predictions of the Macbeth data and the dat , of Brown (1956).

The results are also given in tabular form in tables 6.1 to 6.3

*'A model by Ishigai is included which was developed ;nfprefsrszczizg_no.
Bell's model. However, since the model was}developed rog.ta R Qery 9
tubes in the window, its applicatién,tQVQCtual’egchanger a2 e
doubt ful, - ‘ '

,;¢ 105 5  ;
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TABLE 6.1: PREDICTIONS OF MACBETH DATA
FLOWRATE BAFFLE PRED ICTED/EXPERIMENTAL
CUT » WINDOWFLOW PRESSURE DROP
Kg/s PITCH
BELL | ISHIGAI | GRANT MOORE WILLS*

1.11 18.4% 0.63 1.07 1,11 0.68 0.86
1.58 0.62 1,05 1.10 0.66 0.84
2.37 48 .5mm| 0.67 1.13 1.18 0.69 0.89
3.16 0.64 1,09 1,14 0.65 0.85
3.96 0.66 1,12 1.17 0.66 0.86
4.74 0.66 1,13 1.18 0.66 0.86
1,11 18.4% 0.35 1,12 1,00 0.33 0.84
1,58 0.35 1,11 0.99 0.32 0.83
2,37 97.,0% 0.39 1.24 1,11 0.35 0.91
3.16 0.37 1.18 1.05 0.33 0.87
3.96 0.41 1,29 1.15 0.35 0.95
1.11 25.0% 0.94 0.95 1.26 1.11 1.19
1,58 0.93 0.94 1.24 1.06 1.14
2.37 48.5mm| 1.05 1.06 1,40 1.16 1.26
3,16 1.04 1.05 1.38 1.11 1,21
3.96 1.38 1.39 1,84 1.45 | 1.59
4,74 1.06 1,08 1,42 1.10 21221
1,11 25.0%2 | 0.68 | 1.29 1.29 0. 64 1,06
1.58 0.62 1,20 1,20 0.54 0.93
2,37 97.0mm | 0.62 1,19 1.19 0.55 0.95
3,11 0.50 1.16 1,16 0.52 0,92
4,74 0.53 1,08 1.08 0.47 0.85
.11 37.5% 0.96 0.51 1,08 1.48 1.74
1.58 0.94 0.50 1,05 1,38 1,65
2,37 48.5mm | 0,97 0.52 “1508: 1.62
3.16 0.90 0.48 1,01 1,48
4,74 0.85 0.46 0.96 1.47
1.11 37.5% 0.92 0.95 | .18
1,58 0.86 | 0.90 [ 07
2.37 97.0mm | 0.90 | 0.94 1.09
3,16 0.89 0.92

4.74 0.84 0.87

Fractional penetration constant at O"TS"




TABLE 6.2: EFFECT OF CROSSFLOW PENETRATION MODEL ON PREDICTIONS

OF WILLS MODEL FOR THE MACBETH DATA

PRED ICTED/EXPER IMENTAL
WINDOWFLOW PRESSURE DROP
FLOWRATE BAFFLE | FRACTIONAL FRACTIONAL
CUT PENETRATION PENETRATION
Kg/s PITCH CONSTANT VARTABLE
AT 0.5 *
RATIO FRACTIONAL RATIO
PENETRATION
1.11 18.47, 0.86 0.81
1.58 0.84 0.79
2,37 48, 5mm 0.89 0.84
3,16 0.85 0.31 0.81
3.96 0.86 0.83
4,74 0.86 0.83
1.11 18,47, 0.84 0.83
1.58 0.83 , 0.82
2.37 97 .0mm 0.91 0,39 - 0.9
3.16 0.87 2y % 0.86
3.96 0.95 0.94
1.11 25.0% 1.19 1.03
1.58 1.14 1.00
2.37 48,57 1.26 0.27 1.11
3.16 1.21 1.08
3.96 1.59 1.42
4,74 1.21 1.08
1.11 25.0% 1.06 1.04
1,58 0.93 £ 0.95
2,37 97.0mm 0.95 0.36 0.93
3.16 0.92
4,74 0.85
1.11 37.5% 1.74
1,58 1.65
3.37 48, 5mm 1.62
3.16 1,48
4,74 1.47
- = e
1. Y W =
2.37 97.0mm 1,09 '
3.16 1,05
4,74 0.96

The variable p,de‘ne‘:tr‘atign , ‘
-ely constant because




TABLE 6.3: PREDICTIONS OF WILLS MODEL FOR BROWN DATAx

* The data for a cut of 317 and a pitch of 0.5" is not included .

aS the data is extremely suspect.

[ pITCH (in) FLOWRATE PREDICTED | EXPERIMENTAL
CUT % 1b/hr Ap Ap
PENETRAT ION 1b/ £t2 1b/ £t
Sw/Sc
1,91 23800
18.4 14550
0.3159 8780
0.61 5240
0.976 15050
18.4 6970
0.2254 3510
1.20 1800
1000
0.50 6200
18.4 3630
0.1423 1790
2.33 760
1,91 32300
31,0 14900
0.2458 6300
1.18 2990
0.976 18350
31.0 8890
0.1590 4220
2.31 2050
3.72 32820
43,7 13450
.2899 5170
0.92
1,91 32360
43,7 13450
.1996 5130
1,79
0.976 20450
43.7 9550
0.1221 4310
3.53 2040




6.6 Results and Discussion of Validation

Taking each of the models in turn then it is seen that

1

2)

3)

The Bell model is fairly reasonable when Aw/Aq%l but
underpredicts seriously outside this range., As A, should
equal ACl for a "well designed' exchanger, then the above
model is not too bad. However, commercial exchangers are
often designed with substantially different crossflow and
windowflow areas and hence caution is required in using

this model.

The Ishigai model (1967 ) is fairly good if Aw/Ac1<1 but
seriously underpredicts if Aw/Ac >1. In view of the fact
that this model is developed by a very dubious curve fitting
and data analysis, it is surprising any agreement is achieved

at all. The method is not recommended as a design method

unl ess Aw/Ac1<1'

very good predictions but this is not en

these data are the very data from which the correlation was

obtained. This correlation represents the best predictions

that can be obtained by a mechanistic model and hence this

: o R developed
correlation is the "yard-stick py which the model ; PEES

in this work is compared



4) The Moore model (1979) underpredicts when A /A . < 1 but
wocl
overpredicts when Aw/Acl>1 with the results being reasonable
at Au/Acl = 1, When Aw/AC1<1 the model does not allow for
the expansion contraction losses and when AW/A 1>1 the
c

model significantly overpredicts the frictional losses.

5) The model developed in this work (Wills) also gives good
results for Aw/AC1<1 but overpredicts for Aw/Acl> 1. This
overprediction is because initially the fractional penetration
of the crossflow is taken as 0.5 in these comparisons., Figures
6.6 (a) and 6.6 (b) show the effect of allowing for crossflow

penetration, with the results being substantially improved.

Finally Figure 6.7 shows the predictions for the data of Brown along
with that of Macbeth. Overall the model performs quite satisfactorily
except for two strange sets of predictions at Aw/Acl’.eZ.3 where the model

overpredicts by a factor of 2. The reason for this is not known, and no

explanation is offered, save that is is felt that the experimental values

may be in error. Until more experimental data are obtained, 1t 1S unlikely

that any satisfactory explanation can be offered for these anomolous

data points,

The Grant and Murray correlation gives an average ratio-of predl’,Ct‘ed/

experimental pressure drop of 1.17 with a standard deviation of 17%,



«hereas the model developed here (including the crossfl
OW penetration

model) gives an average ratio of 0.97 wi
. 1th a standard deviatj
eviation of 137,

6.7 Conclusions
It is concluded that the wind
owflow pressure d
rop model develo
ped
in this work gives good prediction
s of the experiment
al data, and is th
e
pest of all the models known in d i
etail. It has the
great advantage of
being a i i
g applicable to a wide range of exchanger geometries and, furtherm
’ ore,

can be a i i i

and, hence, is recommended as a design method




7.0 BAFFLE LEAKAGE IN THE WINDOW ZONE

This chapter describes how the multi-strean methods overpredict
by not allowing for baffle leakage in the window zone, A model is

presented to allow for this effect, and it is validated against

experimental data.

7.1 Baffle leakage in Multi-Stream Methods
Multi-stream methods generally assume that the window flowrate

equals the total crossflow flowrate i.e,

Moo=+l (7.1
Cc

Parker and Mok presented their model for leakage (Chapter 3) which
treats the baffle 1eakage as two parallel sets of streams i.e. baffle

leakage in the overlap and leakage in the window zone. Within their

method it can be seen from Figure 7.1 that equation 7.1 is incorrect 1i,e.

)
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Further

predicted by

mass bal ance

Compare

where

and

The multi-stream models define

hence the existing multi-stream methods predict less

consequently more crossflow than actually oceurs.

-

e

Ze

this

=

consideration shows that the crossflow flowrate is over-

ignoring the effect of baffle leakage in the window as a

is usally written

3

+ M
S

(7.4)

with the method of Parker and Mok who would obtain

From Equation 7.2 it is seen that the equations

multi-stream baffle space model are not truly valid as condifions ©f

(7.5)

(7.6a)

(7.6b)

gleékage and

used to solve a




flow do not exist at the inlet to the crossflow; ‘Eaéh baffle space

cannot be solved independently of the next since the downstrean conditions

depend on the upstream conditions i.e. the calculations need to know the

leakage 'history' to Dbe able to predict the pressure drop. The immediate

and somewhat startling conclusion is that baffle-space multi-stream models

are not valid!

The effect of baffle leakage in the window is well illustrated by
consicering the predictions of the Moore method, and the Grant and Murray
method in Table 7.1 as plotted in Figure 7.2. For low baffle cuts,
they give quite good results (where leakage in the window is low) but
overpredict significantly for high baffle cuts. This effect is not

observed in the no-leakage cases.

Having sthown ti:at baffle leakage in tie window 15 a serious
problen  which is not taken into account by t.e muilti-strean
(baffle-space) nethods, then it is necessary to be ?ble to predict
this effect without knowing the upstrean co?dition

framework of the present -one dimensional

do this since at any point in the exchanger the sum of the flowrate-1n

the vertical direction and the flow in the horizontal direction equals

C

! ti h tions 7.5
he total flowrate because of mass conservation, then equations ’




TABLE 7.1:

EFFECT OF BAFFLE CUT AND BAFFLE LEAKAGE ON PRED ICT IONS

emm——

F BAFFLE SPACE PRESSURE DROP BY GRANT AND MURRAY METHOD
9

AND MOORE METHOD.

BAFFLE CUT FLOWRATE PREDICTED/EXP ERIMENTAL
Kg/s PRESSURE DROP
GRANT AND MURRAY MOORE
1,11 0.803 1.049
18.4% 1.58 0.828 1.064
2.37 0.917 1.148
3,96 0.949 1.144
NO LEAKAGE 4,75 1,006 1.196
37.5% 1,11 0.734 0.963
1,58 0.726 0.923
2,37 0.790 0.957
3.16 0.786 0.917
NO LEAKAGE 4.75 0.791 0.878
1.11 1071 | 1.224
1,58 1,132 1,309
18,47, 2,37 1,262 1,374
3.16 1,286 1,397
4,74 1.2790 = < 1.387
LEAKAGE 6.32 13100 .
7.90 1 249 ool 1350
37.5% 1.11 1»“23f?//731 et
1.58 1,401 o 1.645
5 37 1.480 ‘ 1,692
1,613
1,511
1.437
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7.6, and 7.7, are written more simply as

Y =’ +‘. +2w 3

Mo = Moo+ M+ oMy + My (7.10)
where

My = Mgq ¥ My (7.11)

My =M, + Mo ' (7.12)
Defining

I I E)

M__ =T+ M and (7.13)

1Y =2¢ +‘

M Mg+ My (7.14)

then the general solution procedure can be used as given in Chapter 3.
: v v » . . ¥
This presupposes that Mw = Mcr' The assumption is made in Chapterd4

that the effect of leakage in the window is small compared to the total

losses, and it has been shown that this is reasonable, From this, the

model is solved using (effectively)

o2 2
A = K . .
p, = K M/ (2PA)

which is not unreasonable becausé it is the crossflow turning in the

Window that gives the major losses.

- 126 -




The important point to understand is that it.is necessary to predict

L .
tly and less impo ict M
M, correctly portant to predict M correctly rather than the

other way round. All that is required is a method for predicting M
L

This 1s done by defining an effective baffle leakage area which is

larger than the actual baffle leakage area. The development of this

model is shown in the next section.

7.2 Development of an Effective Leakage Area to Allow for Leakage
in the Window

Consider an exchanger of sufficient length as in Figure 7.1.
Over this length, the leakage profile will have been set upj;it is
assumed that the leakage model is of Parker and Mok (1968) is the

most realistic,

They define the pressure drop of the leakage in the window as

2
N M N
B 1 B (7.16)
Apy = 7 K4 S o 42 2 aey,

1

and the leakage pressure droﬁ in the overlap as

22
M, : (7.17)

2
2 P Ay

From Chapters 4 amd 6 it has been assumed that the leakage 1n the
window only undergoes axial losses and hence equation 7.1 should bé,.

Written as

N : Sl (8D
B : . -
Apl :2— 1(1




It is assumed here that these axial losses are small compared to

the total losses i.e.

N o
e, M

1

Furthermore K.l is only a weak function of M.l and hence

1 2 (7.20)

b

=2 D (7.21)

[

The total flowrate of the leakage , ML’ through the plane of the

baffle including the leakage in the window is

L 5 1 (7.22)

It is wished to define an effective leakage area, Ae such that



gubstituting equations 7.25 and 7.26 into 7.22 gives

Ae [} U 2 A1
M. = M, + 2 “f:
AZ 2 2 AZ' 2 (7.27)

e

and hence the final equation defining effective leakage area is

3

A = + 22
A, = A, Ay (7.28)

Compare this equation with the usual equation used in multi-stream

methods,

A, = A, + A (7.29)

It is clear from equation 7.28 why the multi-stream methods overpredict
for large baffle cuts, but give reasonable answers to small baffle cuts.

When the baffle cut tends to zero then

A = AL = A ’ (7.30)

A=A (7.31)
and
3
A o= 22 A (7'32)
e !

This limit may not seem plausible but consider-an -exchanger as 1n

Figure 7,3with NB (even) 50% cut baffles where A5 =j0. It is convenient

to consider the leakage into two halves fopfthe:tdpfand bottom of the

shell (as parallel paths have the same pressuigfdf P /hénce
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As we defined

T "B 2 p A2 (7.34)
e

2
and as A2 =0 , M2 = 0 and hence

g

M, o= 2My (7.35)

From equations 7.33, 7.34 and 7.35 then

Ae =2 Ai (7.36)
Obviously using anh equation such as equation 7.36 will greatly

increase the axial leakage predicted. As shown in section 7.1, the

total crossflow flowrate, &c + Mb will then be correct as
Moo+ M =M. - N (7.37)

4 . i . »
Of course the window flowrate,va, will be underpredicted.but thls:1is

less important. The next section verifies the model presented here,

7.3 Verification of the Effective Leakage Mode

The model is verified by inference, as i/t;;c;annf/)t . e,;;t«ruly,f tested,

1o TER ’
The next chapter outlines the full features of the STREAM-INTERACTION

odified to allow for the parallel streams i.e.

(7.38)

Mmethod. = Equation 7.24 is m

+ 23/2A

Ate = AtZ tl

7.39)
+ 23/2 (”

A = A A

se s2

s



0f course if the effect of baffle leakage in the window 1s not taken

into account then
t t2 tl (7.40)

s sl sl (7.41)

The method is tested against the data of Macbeth for four geometries,

1) No-leakage: baffle cut = 18,4

2) No-leakage: Baffle cut

= 37.59
3)  Leakage : Dbaffle cut = 18.47
4) Leakage : baffle cut = 37.5%

with results being given in Table 7.2 and plotted in Figure 7.4,

Comparing Figures 7.2 and 7.4, it is remarkable how the predictions
are improved by this simple model. Also Figures 9.6 and 9.7  in Chapter 9
show how well the method predicts for the NEL boilgpﬁ;ingle~phase data and
the NEL condenser single-phase data. The good predictions stem predominantly
from this effective leakage area model, which enabléS,YirFQally all the

shellside drop data in turbulent flow to be predicted within +30% to -30%.

It is appreciated that the model presented in this chapter is a

very simplistic model, ignoring,effeCtS'SuCh as interqctlon‘bepweeniahe




TABLE 7.2: PRED ICTIONS OF BAFFLE-SPACE PRESSURE DROP BY

THE ‘'STREAM-INTERACTION' METHOD ALLOWING FOR

LEAKAGE IN THE WINDOW

LEAKAGE

BAFFLE CUT FLOWRATE PRED ICTED/ EXPERIMENTAL
Ke/s PRESSURE DROP
1.11 0.89
18.4% 1.58 0.90
2,37 0.99
3.17 0.95
NO LEAKAGE 3.96 0.97
4,75 1.11
37.5% 1.11 1.18
1,58 1.15
2.37 122
NO LEAKAGE 3.16 ji.1§
4,75 1.33
1.11 0.75
18.4% 1.58 0.76
2,37 0.87
3.16 0,91
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crossflow and leakage, mixing of the leakage with the crossflow in

the window and so on, but this model enables surprisingly good predictions

to be obtained indicating that the model has gone a long way to overcoming

the major deficiency of the multi-stream models, and can only be
regarded as a major success within the 'STREAM-INTERACTION' model which

is defined in the next chapter.




§.0 THE STREAM-INTERACTION METHOD

This chapter descripes the new method developed in this work which
encompasses all the models developed in Chapters 4 to 7. It is called
the 'Stream-Interaction’ method as it allows for the interactions between

the various streams,

8.1 The Features of the Stream~Interaction Method
The basic model consists of five flowstreams (six if an inline

pass-partition lane is included) these being

[y
p—a

the crossflow stream,
2) the crossflow bypass stream,

3) the windowflow stream;

4) the shell-baffle leakage stream,

S)  the tube-baffle leakage stream,

and possibly

6) the inline pass—pértition stream.j’
A schematic representation of this model is

The pressure drop/mass flowrate relationshipsafor each path are

calculated using either the new models developed in this work, or the

; - new
best available HTFS correlations. Under no circumstance, has any —

e
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correlation been used which is empirically based, the emphasis in the
development of this model being on understanding the mechanics of
shellside flow. The pressure drop/mass flowrate relationships are

briefly described in the next section,

8.2 Pressure Drop/Mass Flowrate Relationships of the

Stream-Interaction Method,

8.2.1 Crossflow

The equations of Moore (1979)are used. The crossflow pressure drop

is defined as

r
M 2
c
Apc = 4 fC NC ZFDAi (8.1)
where fC = aRe: , a, b depend on tube layout (8.2)
and ’
M (Pt - DO)
Re = —=< (8.3)
c naA

8.2.2 Crossflow Bypass

At the time of testing this model, there wgtﬁlittle data available
and the bypass equations of Moore (1979)were used, Since then some new
correl ations have been subsequently developed by;§g$§§li gn@ Wills (1983)

based on data of Lee (19g83) but these have not bee

Stream-Interaction method. However, testing has show foore Colrclafiol

gives similar results to the new correlations in the range Over MRLeE

1s applied,

The bypass pressure drop 1is defined by

2D .
(8;4)_,‘  .



where f. = aR Ean
b ®h ’ (8.5)
R _ Mb e
and € T T na (8.6)

where De is the hydraulic diameter of the bypass lane.

An important point to note here is that Moore assumed the crossflow
extended to a distance of half the minimum tube clearance outside the
outer tube limit as proposed by Bell. This is not to be necessarily
true but since the crossflow and bypass correlations are based on this
premise, it is necessary to apply this arbitrary limit in order to be

able to use the correlations validly.

8,2.3 Windowflow
The model used is that developed in Chapter 6., The effect of

crossflow penetration into the window as described in Chapter 5 is also

included in the model.

8.2.4 Baffle Leakage
The baffle leakage losses are based on thé’ecbgntric:otifice data

of Bell (1958). The pressure drobnis corrélatedf;n'thé!fqrm (37 =sonelly

baffle or tube/baffle).

prslaRiiie i (8.7)

Ap. =
p. (C.1 + 4 f.l .

1




where the firs»t term in brackets accounts. for the frictional losses as

the fluid leaks through the baffle and the second temm allowé for the

discharge losses. The geometric discharge loss coefficient, C., is
i b

d as a function of the baffle geometry,

correlate
B b
c, =a C;;? (8.8)

and the friction factor, fi’ is given by the equivalent in-tube
relationship of Wilson (1922 )

£ = 0,0035 + 0.264 Reflo"’z (8.9)

1

where the characteristic length in the Reynolds number is the diametral

clearance of the shell or tube and baffle i.e. 2ti.

In addition the model for the 'Effective Leakage Area’ as described

in Chapter 7 is used to allow for baffle leakage in the window zone.

interaction is also included.

Furthermore, the model for crossflow/leakage

8.3 Solution Procedure

The solution procedure of Moore (1974) is used as it is quick and

very simple. Appendix 2 shows another similar m@?ﬁbﬁjwhiCh could easily

be used in preference. As stated earlier solutidnprOQQGUfes are
. e i e
interchangeable and hence it is clearly best to u§? Lhe simplest avallabl

which at the time of developing.this’mOdel was the Moore procedgre.




g4 The Strengphs of the Stream-Interaction Method,

The Stream-Interactionmethod has been developed by studying

various shellside phenomena, in isolation and/or together, leading to

2 nunber of improvements based on the physics of the phenomena

averall the model has

D

2)

3)

4)

5)

A new and accurate windowflow model,
It allows for the effect of crossflow/leakage interaction,
The penetration of crossflow into the window is taken into account,

The model allows for the effect of baffle leakage in the

window zone,

The model has less reliance on empirical correlations based

directly on shellside flow.

The method is presently implemented in the HTFS TASC2 computer program

which is used to design and/or rate shell-and=tube heat exchangers. The

program is used over 1000 times a week throughout the world.

Chapter 9 describes the validation of

*Stream-Interaction' method.




9,0 THE EXPERIMENTAL VALIDATION OF THE ' STREAM-INTERACT ION* METHOD

This chapter outlines the experimental validation of the
'Stream-Interaction' method showing it to be a3 reliable method

It is

also compared with other shellside pressure drop methods, and is shown

to be the most consistent method predicting virtually all the available

shellside pressure drop data to within + 30%.
9,1 The Experimental Data
9,11 Availability of Data

In order to test the 'Stream-Interaction' method, suitable data
are required, namely baffle-space pressure drop data. There are rather
more data available foroverall pressure drop measurement i,e. where
end-spaces and nozzles are included but these /arer m/)twis;ﬁitﬂab/le. The\re

are only three sources of baffle-space pressure drop measurements available

in this work

Y The Co-operative Research Program at D€laware University

2)  The HTFS Research Programme at UKAEA Wi:nf??iith

3) The HTFS Research Programme at the fNa,t,,Oi’l/a/l',’Eng/inee‘;ﬂng Laboratory

The data from the HTFS Research Programmes are proprietary and hgnc,e are

only presented in a non-dimensional form.



9,1,2 Categories of the Data
The experimental data may be divided into four main types
’
the first three for small-scale models,

1) No-Leakage data.

2) Single-Leakage data (i.e. only shell-baffle or tube-baffle

leakage present).
3) Combined-Leakage data (i.e. both shell-baffle and tube-baffle
leakage present),

4) Combined-Leakage data for large-scale exchangers,

The no-leakage data are obtained from small-scale model exchangers where
the baffle leakage has been eliminated as shown in Figure 4.2 A variety

of baffle cuts and baffle pitches have been tested covering the range that

is typically found in commercial heat exchangers.

The Single-~Leakage data, are from the same small-scale exchangers
except that baffle leakage has been introduced in either the shell-baffle

leakage stream or the tube baffle leakage stream.

The combined 1leakage data, where both5;;’

(the real situation),are split into two types i.e

large-scale data.



ALEhough there are not marydata available they do follow a logical
sequence, with shell diameters ranging from 133.5 mm (small-scale) to
over 456 mm (large-scale). The baffle cuts considered range from 18,4

of the shell diameter to 43,7% of the shell diameter (covering adequately

the range found in commercial practices) and the baffle pitches range

from 10% to 100% of the shell diameter., The leakage flowrates also

cover a wide range from 0% (no-leakage) to over 60% of the total flow

in some cases.

Altogether the data cover a wide enough range to validate,

at least superficially, the *'Stream-Interaction' method.

9.1.3 Shellside Fluids Used

All the data available are for single-phase liquids, there being

no data available for single-phase gases.

The Delaware experiments used oil as the shellside fluid, the

Winfrith experiments used water (plus a quantity of sodium hyd;oxide),
and the NEL experiments used refrigerant 12, if ’f  1cal FOpefCies
o}
at 20°C are as follows:
s : .
Density Kgm ~  Viscosity Nsm

- 5 3
oil , & . o 1.86 x 10

~ s o a
- 1040 100 x 105

‘water (+ Na OH)

25 2.00 x 107"
refrigerant 12 1325 - ) 02 )

Showing that the physical properties cover a asonable rang



9.2 Potential Accuracy of Shellside Pressure Drop Predictions
In order to validate any method it is necessary to examine the
experimental data and the correlations used to assess an acceptable

error band that may be expected,

Firstly consider the experimental data. For each of the various
geometries tested, there are mass flowrate versus pressure drop
measurements. For any individual geometry, the pressure drop can be
expressed as a power law of flowrate i,e.

ap = € 9.1)
In general b is between 1.6 and 2.0. There are two types of error in
the measurement i.e. systematic and random errors. It has to be assumed
here that the systematic errors are zero (al/tr}ougr:x thlsls by no m,ean:;
certain). A simple way of assessing the r—an‘t:iom f{lujc;uat/::ions is - to
correlate each individual set of pressure drop mass flowrate measurements
to obtain mean values for a, b for any given geometry, In all the

experiments, the flowrate, Mi’ is the independent (controlled) variable

and the pressure drop, Ap, , is the dependent (measured) variable. It is
l i

assumed here that the flowrates can be measu

(a typical accuracy for rotameters).

\
8ives a maximum expected error of 4% in the pr

' o i shere
mean values for a, b for any given geometry, equation 9.1 is used ;Wherﬂ.

' - ] sure drop.
the flowrate is the measured value to o‘b,t-_g_m_ an expected pregsute drop




This can be compared with the actual pressure drop to give the deviatio
n

from the best'least-squares' fit of the data,

Performing this analysis for the experimental data revealed that the

random fluctuations were usually between 0 to 107 ( and sometimes greater)

Since a fluctuation of 10% cannot be explained by variation in the

flowrate (where it is expected a maximum error of 47 would occur) then

it is clear that the measurement of pressure drop is much more prone to

error than flowrate and hence is the critical measurement.

Secondly, the correlations used in any method must also be considered,
as these will reflect in the overall accuracy of any method. Palen and
Taborek state that the best possible crossflow correlations are accurate
to + 157. It has already been shown in Chapter /6 that windowflow pressure

drop is predicted to within + 13% (standard deviation). .

v

'--OV?-FGCH') it is considered that the accuracy -of the correlations in

the 'Stream-Interaction’ method have a NAXIMYM error of about # 20%:

In the worst case, the 'Stream,-I,ntgraC :,/ /’ héd may underpredict
by 207%, and the measured value may be ovgf‘é:s/tzi-m ted 10‘7 1ie,adi'kr4’1g 'to,/’ 3
maximum error of 30% at which the prediction is still reasonable. A‘n}f
predictions within + 30% will be considered to be good predictions and

any outside + 30% will be progressively considered poor deﬁend?ﬂg on

‘heir magnitude,



9,3 The Comparisons with Experimental Data
Tables 9.1 and 9.2 give the predictions of the

'‘Stream~Interaction®

method and the Bell (HEDH (1983) ) method for the no-leakage data of

Brown (1956) and Macbeth (1973) respectively,

Table 9.3 gives the predictions of the above two methods for the
single-leakage data of Bell and Fusco (1958) whilst tables 9.4 and 9.5

give the predictions for the combined-leakage data of Holzman 1958 and

Macbeth (1973 respectively,

Tables 9.6 and 9.7 give the predictions of the large-scale exchanger

data of NEL (1980) for the following methods :=

1)  the 'Stream~Interaction’ method,w,zkf~w
2) the 'Divided-Flow' method,
3) the 'Moore' method,

4)  the 'Bell' method,

and

5) the 'Kern' method.

All the predictions in tables 9.1 to 9.7 are o

9.7 respectively with the exception Of;thé K?r9, hich 1srclear1y

shown in tables 9.6 and 9.7 to be totally inadequate.




TAELE—?'I: NO LEAKAGE DATA OF BROWN (1956 )
I CL_‘t/ Flowrate Ap Ap Ap
pitch 1b/hr EXP STR-INT HEDH
2
1h/ft 1b/£t? 1o/£e?
I
1.91" 23800 393 339 226
18.4% 14500 154 134 86
8780 59 52 32
5240 22 20 12
0.976" 15050 355 367 229
18.4% 6970 86 87 52
3510 24 24 14
1600 7.2 5.6 3.1
1000 2.4 2.3 1.4
0.5" 6200 210 174 113
18.4% 3630 79 63 41
1790 21 17 11
760 4.5 3.3 2.2
1.91" 32300 309 1303 276
31% 14900 72 71 61
6300 14 14 11
2990 3.4 3.6 2.1
3 e B s
0.976" 18350 244 342 224
31% 67 87




TABLE 9.2: NO LEARAGE DATA OF MACBETH (1973 )
TABLY ~

[—
cut/ FlowrateI Predicted/ Predicted/
pitch kg/s Experimental Experimental

ADPgTR-INT APyepy




TABLE 9f3: SINGLE LEAKAGE DATA OF BELL AND FUSCO (1958 )

Leakage Flowrate | Ap A
Tone/ EXP PSTR-INT | “PhEpg
Tolerance 1b/hr. 1bﬁ/ft-_2 lbp/ftz lb‘/ftz

S = SHELL-BAFFLE

TUBE-BAFFLE




.4: COMBINED el i
TABLE 9. LEAKAGE STUDIES OF HOLZMAN (1958 )

—
s/B tol./ | Flowrate ApEXPZ ApSTR—INT 8P e
/B tol. | 1b/hr. | 1b/ft 1h/£t 1/ed

P

31500 170 118 152
0.063" 14400 39 27 33
6500 9.5 6.0 7.0
0.013" 4400 4.6 2.7 3.3
3020 2.3 1.5 1.6
1590 0.8 0.44 0.5
0.133" 30460 111 97 96
14400 28 23 22
0.013" 6500 7.0 5.1 | a7
3020 1.8 1.2 el
1590 0.6 0.4 0.3
0.021" 31820 247 221 - 209
14400 65 50
0.013"




TABLE 9.5: LEAKAGE DATA OF MACBETH (1973)

Flowrate i .
W | TRt | ewesdiereas | Predicted/
T/8 tol APSTR-INT APy D
18.4 1.11 0.75 0.97
1.58 0.76 1.13
2.668mm 2.37 0.87 1.31
3.16 0.91 1.35
0. 66mm 4,74 0.93 1.28
7.91 0.93 1.25
18.4 1.11 0.70
1.58 0.71
1.334mn 2.37 0.77
0. 33mm 3.16 0.72
4,74 0.70
25.0 1.11 1.01
1.58 1.14
2.668mm 2.37
3.16

0. 66mm




TABLE 9.6: NEL BOILER SINGLE-PHASE TRIALS (1980)

Flowrate
Kg/s

.

Predicted/Experimental Ap

KERN

HEDH | MOORE | DIV-FLO STR =~ INT




TABLE 9.7: NEL CONDENSER SINGLE-PHASE TRTALS (1980)
——————— - sy e ————

e T 1

Flowrate\ Predicted/Experimental Ap

Kg/s |KERN | HEDH |MOORE | DIV-FLO | STR- INT
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9,4 Results

Figures 9.1 and 9.2 show that the 'Stream-Interaction’ method

gives very good predictions of the no-leakage data with all the results
falling within an error band of + 20% and hence within the allowable

+ 30% error band. Contrast this with the Bell method which underpredicts

by up to 60% in some cases!

Figure 9.3 shows that the 'Stream-Interaction' method also gives

good predictions of the single-leakage data with all the predictions

lying withing a * 30% error band. Again the Bell method seriously

underpredicts by 40-507% in some cases,

Figure 9.4 shows that the.'Stream- -eracti r'/’eﬁho@’gives fair
predictions of the combined-leakage data man, but it should be
noted that all the predictions are rather low, indicating an area of

weakness,

Figure 9.5 shows that the combined 1} e data of Macbeth is
. e T o it
predicted well, with the exception of the sm tolerance data
hin the allowable

for the 18.47 cut exchanger.

* 30% error band.

predictions for the Holzman

The Bell method gives similar orders of

- . Lt sives predictions
data (faring better for one case but t i fopculpous) b9t7glve€;??e -




ranging from -30% to + 60% for the Macbeth data,

Figure 9.6 shows that the 'Stream-Interaction' method gives
exceptionally good predictions of the single-phase trials of the NEL
boiler with all results within + 10%. The Moore and 'Divided-Flow' methods
both give fair results with predictions ranging from + 20% to + 407%.

The Bell method significantly overpredicts with predictions ranging

from + 30% to + 70%.

Finally figure 9.7 shows that, again, the 'Stream-Interaction’

method gives exceptionally good predictions of the single-phase trials

of the NEL condenser, with all the results within + 10%., The 'Divided-

“40%to + 50%. The

Flow' method also gives fair results ranging fro
Bell method overpredicts by 507% - 80%, and the Moore method overpredicts

by 1507%.

Note from tables 9.6 and 9.7 that the Kern method overpredicts by

a factor of 7-8 and 17-20 respectively.



9,5 Discussion

The most striking result from the validation exercise is that -
the 'Stream-Interaction"method predicts virtually all the shellside
pressure drop data to within + 30%, a claim which cannot be made of
any other method tested, and as such, the method represents a significant

improvement in shellside pressure drop prediction,

There are still areas in which the 'Stream-Interaction' method
may be improved i.,e. small baffle cuts with small baffle tolerances.
It would appear in these cases (Figure 9.4 and Figure 9,5 for one
dataset) that the 'Stream-Interaction' method tends to underpredict.
The reasons for this are not clear but is is believed that the correlations
for baffle leakage are:-inadequate, causi /ggka/ge ,o:)Se, overpredicted.

It is quite possible that the resistance to /ea/lsag,e. flow is much

higher than predicted for tight tolerances, possibly due to a laminar

sub-layer occupying a significant portion of the leakage annuli, but

the leakage correlations assume fully turbulent flow. Clearly this is

an area for future research from both an e}qéer' ’tailj//andA thecrgtlcal
o d actually gives
standpoint. Although not shown, the d{actuzallyg,

R / is fortuitous:
better predictions for these cases, O = , :

i om )ivided-Flow'
the better predictions stemming from the Diy - .

' 7 ing ¢ .tth:ef,,,’
method ignores leakage in the window, this being apparent by 2

. . ) : 8 . 2 1 Se -
relatively large overpredictions f,o,; o,.t_hgr ggome't,rle‘



The most exciting predictions are for tfxe/iargé;s/cale exchang
= fE A " 1 ers )
with the 'Stream-Interaction’ method giving exceptionally good results

This is very important as it gives confidence to the use of the method

for commercial sized exchangers.

Contrast the results of the 'Stream-Interaction' method with the
other methods. Firstly, the Bell method gives erratic predictions ranging
from -60% to +#807% with no obvious trend as to which way a prediction is
likely to be, although it would appear the method tends to underpredict
no-leakage data, in general, but overpredicts leakage data, i.e. the

correction factors for leakage tend to "save" the Bell method.

The other HTFS methods, i.e. the 'Divided-Flow /mé/t? dg;i _and the
'Moore' method tend to be rather conservativ in general overpredicting
by up to 60%. Also the Moore method can seriously overpredict for an

unusual geometry e.g. the NEL condenser.

9.6 Conclusions
est of all
It is concluded the 'Stream-I € best O

the methods tested, being capable of

to within + 30%. Most importantly them
. S ion capabilities.

large-scale exchanger data, demonstrating 1tS extrapolat}é.n p
' . . v smmended as a

Overall the method is very r,el;_iable,and. 12 ,strQng]‘.y-reC.O._, -

design method.



This chapter discusses future work which may be perfomed‘ to

extend the development of shellside pressure drop prediction techniques

10.1 Theoretical Work

This thesis has concentrated entirely on shellside pressure drop
in the middle portion of a baffled exchanger and has not made any attempt
to study the effect of end-spaces and nozzles. Clearly these are a very
important part of shellside pressure drop prediction.

End-space pressure drop prediction is very different from mid-space

ach path are not

pressure drop prediction because the flowratesfor e

constant i.e. the method needs to take account of ng flowrate

in crossflow which occurs because of the setting e /baffle leakage.

The flowrate in the end-space will vary from the total, M. . at the

inlet to the mid-space windowflowrate, M at the first window. (OB courees

this may not even be truel).

A single model may be defined W

the mean end-space flowrate €.8.

o

M+
W T

2

=z
i




- Y . ,
Ap, = 2@ Mo 772 Mye M . ‘ (10.2)

nhere a, b allow for bypassi as well
W ’ ng » and n o allows for the windowflow

pressure drop in the end-space.

A better method may be to define a pressure drop mean i.e
h
e b X ¢ 2
= + 4
Ap, g aM_ +%n M (10.3)
Clearly there is an area in which further theoretical research may be

apptied to the development of shellside pressure drop prediction.

Consider exchangers that have different baffle arrangements

e.g. double segmental baffles. Again this is yet another area in

Nozzle shellside pressure

which theoretical research may be applied.

drop prediction is another area of great:unce :zzle geometries

varying greatly.

10.2 Experimental Work

This thesis has presented a method which,has4been validated‘ag‘a‘l‘-“-‘s't o

a rather limited set of data. It would
measure the flowrates in each of the va:

1s already under way by UKAEA Harwell

T ‘ dleﬁbx,aséingi;'
More 'single-effect' experiments onl baff; bun,, o
ome of the

windowflow and so on, would prove 1mmense1y

uncertainties of shellside pressure 99 9?ed1QplQ .



10,3 Other Shellside Work
Overall, there are many areas, both theoretical and practical,
in which future research may be directed. One of the most important
areas is heat transfer research. This thesis has concentrated on
pressure drop in isothermal situations but in real exchangers the flow

is not isothermal. How does heat transfer affect the pressure drop?

Moreover how can we predict the heat transfer? There are a number
of correlations for heat transfer coefficients in ideal tube-banks.
How can these be applied to real exchangers? Are the bypass and leakage

streams totally ineffective in heat transfer? This last question is

a very important one as it leads on to a whole new dimension of modelling

in shellside flow e.g. if the bypass and 15éak'azge /é,trte,am’s apé ineffective,

then the traditional logarithmic mean temperature difference used in

id, because it assumes’that the shellside fluid

exchanger design is not val

is in plug flow, which is not the case with bypassing present.

: : this
The scope for future research 18 hoped that thi |

thesis will stimulate future resea

unexplored directions::



NOMENCLATURE

se

te

Cross-sectional area of a tube

Minimum centre~line flow area 2

(m>).

Effective leakage are (mz)
Flow area of path i (mz)
Effective shell/baffle leakage area (mZ)
Effective tube/baffle leakage area (mz)
Baffle thickness (m)
Discharge coefficient for baffle leakage (<)

(i = s, t only)

Height of centroid of window from centreline (m)

Hydraulic equivalent diameter

Tube diameter

Shell diameter

Tube bundle diameter

Geometric factor in Buthod's method
Flow fraction eof path i
Leakage enhancement factor
Leakage enhancement factor for tﬁé?gy
Leakage enhancement factor for fh:'
Windowflow pressure drop Cor;ectiOQ £

Fractional penetration of crossflow into

the window




£ Friction factor of path i

fr  Total shellside friction factor

H Height of overlap zone (m)

h Height of window zone (m)

K Number of velocity heads lost (=)

Ki Number of velocity heads lost in path i )

L Extent of the crossflow (m)

LB Baffle spacing (m)

M Mass flowrate (kg 5”1)
ﬁi Mass flowrate in path i (kg 5'1)
rri Relative flowrate in path 1 )

&T Total shellside mass flowrate

m mass velocity

m, mass velocity in path i

M total mass velocity
N Number of rows crossed in path i
N Rating number (Tinker’s>mechod)

Nog Number of sealing strips

Ntr Number of tie rods

N
tw Number of “rows  CTro

ssed in the W

(Bell's method)
n. Flow resistance of path 1
p ﬁéffle cug as % Af éh€11’diémﬁéer’_

Tube pitch



Longitudinal tube pitch
Pressure

Ap pressure drop

Ideal crossflow pressure drop (Bell's Method)
Ap ~End-space pressure drop

Ap Pressure drop across path 1

Ap Nozzle pressure drop

Ap  Baffle space pressure drop

Ap, Total shellside pressure drop

Ap ~ Ideal windowflow pressure drop (Bell's Method)

R Bypass pressure drop correction factor f

R End-space pressure drop correction factor

RL Leakage pressure drop correction factor

Ry Mean permeability resistance in bfo??i
RC Mean permeability resistance in crossfldw’
R~ Mean permeability resistance

Sg Specific gravity

Sm Minimum centre-line flow area

Sp Effective flow area per baffl

(Moore's Method)

rt's

Ss Net cross—sectional area (Sho
Sw Windowflow area (Short's-Mgthod)
tb Bypass clearance

Ef fective bypass clearance

i)
()
%)
o)
()
(Nm™ )
(%)
()

)



shell/baffle clearance (radial)
tube/baffle clearance (radial)

1ocal superficial crossflow velocity
mean superficial crossflow velocity
mean superficial leakage velocity
velocity of shellside fluid in path i
geometric mean velocity

width of exchanger

ratio of windowflow/crossflow area

angle of direction of flow to axis of exchanger

density

void fraction

viscosity

shellside viscosity correction factor of‘ﬁat

Flow vector




SUBSCRIPTS
Main Flow paths

a pass-partition path

b bypass path

c crossflow path

s shell/baffle leakage path
t tube/baffle leakage path

w windowflow path

Miscellaneous

cr combined crossflow plus bypass
L combined shell/baffle plus tube/baffle leakage

tl, tw tube/baffle leakage in window region
t2, to tube/baffle leakage in overlap region

sl, sw shell/baffle leakage in window region

s2, so shell/baffle leakage in overlap region

1 refers to leakage in window

2 refers to leakage in overlap




\PEENDTX 1 s METHOD ITERATICN SCHEMES,
The iteration schemes of Tinker, Palen and Taborek, Grant and Murray
: ¢ 14
nd Moore are shown in sections Al.1l to Al.4 respectively,
1 Tinker (1048
LLoianrer LTee)
Tinker produce” his, now, classic method before the age of computers,
¥
gure 1.6 in the main text shows his flowstreams which are
4\ £ e
L) crosstidw,
2) ‘bypass,
3) windowflow,
L) shell-baffle leakage, and
5} tube-bafile lezkage,
The total flowrate, M., 1s defined by
Moo= M o+ M+ N 4+ K (A1.1)
T c b S t )
where M, i, are really effective flowrates to be discussed later on.
A windowflow/crossflow pressure drop ratio, x, is defined as
Ar
X = W
Ar
c
and the baffle-space pressure drop is given by
Ap =Ap +
T e
From equations A1.2 and Al.3 then
n o= Y )
fp, Ap_ (1 + x) =
- T -h of the streal e
The pressure drep driving foree for each of the streams are
¢ : Ap
‘e
b Ap
s+ dp (1
t:Ap (1 4 x)




each of the streams, a mass flowrate may be caloﬁiéted by

Ap, 3
Lo (hy?
Ty (A1.9)
ions Al.5 to AL.8 are substituted, in turm into A1.9 to give the

~ates of each stream as

c ¢ Ap® Gy (A1.10)
1

h: Ap 2 C

e b (AL.11)

1 ) 1

s @ 8p® C (14 x)° (A1.12)
1 1

t s ap? €, (1 + )2 (41.13)
-1

C; =m; ° (AL.14)

=

jing equations Al.10 to Al.13 by Apc2 gives the flowrates as relative

rates (to each other) i.e.

c:C (Al.15)
¢ o s i
b Cy o (A1.16)
é R // =
st Cg (1 + x)? / / (Al.l?)
B (A1.18)

. 1
b Cy (1 + x)

flowrate in any stream, M.l is then obtained by

r

M
+

={ e
+

1 M + M 1
re rb rs rt

er then defined an effective area such: ‘that

et e (i )

il then combining equations Al.l19 and Al.20 férfthe/croés :gw strggm>

: ‘ Al.21
for i =¥oib;s,t (al.21)



crossflow pressure drop is

> /r%c 2
= M = ' B
Apc Mo e e \AC> (A1.22)

jtuting equation Al.20 into Al.22 gives

12
My
op, = n¢ () (41.23)

o

£ v’? N a 1 3 s
leakage flowrates, RS and Mt are obtained by using equation Al.19

o

windowflow flowrate is given by

..,.

—~
e
'_J
N
s

N~

1
vt T2 7s

tion Al.24 arises because Tinker assumes that 25 % of the tube-baffle

wfto

B m
W L

’~ ‘, /‘ l ’ g ! _2 N N
N — (M@ YA ¥ ¥ + Mt

N = (M0 4+ Mp) o+ M+ M, o+ My (AL.25)
e Mé , ﬁ% are the actual flowrates in‘crossflow,and tube-baffle leakage.

effective flowrates mentioned earlier are then

s s —] ¢

[ o= M' 4= M Al.26
o= M+ Ny | ( )
Y 3 v : Sonn ALl.2
M = uad .
M, o= (A1.27)

Tinker's model in figure 1.6 of the main text, then it is seen that

) 8 G . e : <
and M'/2 flow through either half of the exchanger giving the mass

1]
/
|9

N

nce through the window as

o=y - B2 - /2 (a1.28)

tituting equation AL.27

'(Al.ZQ)

then finally, the baffle space pressure~dr09,/4ﬁ‘ is ovtained O .
' ~ (AL1.30)

& = Ap  + Op
“c W

- 176 =



ker assumes that the end-spaces are ignored and alsg 1i£t1e error i
) L Oor 1s

_Tin
introduced by ignoring the fact that there is one more crossflow zone to
4 windowflow zone, (i.e. the end-spaces are treated as mid-space crossflow

gones) to give the shellside pressure drop as

app = (Mg + 1)p_ (A1.31)
_In Tinker's paper, he states that x is obtained by experience but that it is
possible to estimate x form the pressure drops. In fact an iterative solution
is possible i.e

1) guess X

2) evaluate the relative flowrates, Mri’ from Al.15 to Al1l.18

3

evaluate ﬁhe effective area, Ae , from Al.21

=

evaluate Apc from Al.23

L

evaluate MS, ﬁt from A1.19

o

)
)
)
) evaluate M from 41,28
)
)
)

ON

W

evaluate Anw from Al,29

o0 N2

re-evaluate x from Al.Z2

0O

check convergence and repeat from step 2 unﬁil'ééhieved,

Actually in Tinker's method , the C values in equatiohszl.lO to Al1.18
were taken to be constants. This means, that in principle, Dby reafranging
these equations even further an analytical solution for the pressure drop

should be obtained. The method need only be iterative if the C values,

themselves, are a function of flowrate.
Tinker must have realised this, as later he produced a rather simpler
on-iterative method described in section 3.3.2 of chapter J in the main

ext,



palen and Taborek (1969)

T\

ne method 1s strongly

low resistance variation

Taberek's model is given in figure A1.1, Tne solution is glven

Firstly the pressure drop and mass balances are de

- 1 aa)
= Ac_ + Op_ (A1.32;
% C W
I3 L4 r ) ) .
¥ ; i I A Y
B+l B o T s oy (AL.37,
C < be v
3 (4 4 R
: { A L
=¥ _ =N =U CALL3Y)
T 3 t

‘c ‘ .
= _r Ci=abe,st (A1.35)
al 0

. pressure drop in any path may be defined as

iai 2
- ___\
A*i c Ki (Ai)

o0 | =i (A1.97)

the relative flowrates are given by

(A1,38)

4
Mo, = A4 Ki7 for i = :
2 5 3 (A1.39)
M = A4 z bl 2
s S A K (1 + x)
Tinally
(A1.40)
Y. = F, N :
1 1T \ ‘ .
: sari ! 1VE.
X, = f { M, ), then the solution 28 necessarily 1tera
1 - l y - : ( _

. s
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[§S] !
~—

~—

un = D
- g

O~
~

(@8]
~

~O

~

Caiculate
Calculate

Calculate

~

check convergence and stop 1f achieved,

Re~-evalua

continue

e-evaluat

te the K values from the relevant equations and

£
T

from step 2

s

i . 's T Al,

rrl s from Al.38 and Al,39
s from equation Al.35
s from equation A1.40
M from equation Al.34

Ap , Ap,

. from equation Al.36 (calculating ¥ from M )
v W W

x from equation A 1.37

®

-
{

above scheme is fairly quick taking 3-5



41,3 Grant and Murray (1972)
Grant and Murray produced the 'DIVIDED-FLOW' method for HTFS,
recognising that the 'STREAM-ANALYSIS' method of Palne and Taborek was
, considerable improvement in shellside pressure drop prediction. Their
solution technique differs greatly from the forward substitution method

of Palen and Taborek. They define the same streams as Palen and Taborek,

as in figure Al.2. The relevant mass balance equations (in terms of flow

fractions are

s . Al.41)
,;«w- L‘b+ I‘C + ‘g ( /
1 =F +F +F (AL.42)
L W .t S

r ’)

as M

1

Bp; = Xy 2

T 2PA;

As M, = 7 Mo,

then > .2
gl

2PAT

K. is a function of flowrate and

For any path the resistance,

obtained in terms of a Blasius-type relationship

ST TR ! = (a1.46)

an/

r each strear and

Substituting A1,46 into A1,45f0
L bein
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2-b
¢
ro= (0 Apc)
1
2-b
a2 o= (0 3 b
:(10 <U1D APC/
1
, Z—bc
— e y
7= (0 Av_)
' Z:b
) — A \ W
“u ( W A.pw’

o A AT ML . .
Jquations AL.47 to Al.52 are then substituted into equations Al.41 and

1,42 to give

1 1
2=0_ ‘ 2-b
(ctap) 7 o= (cldp) ¢
W c c
1 1
’ 2-b 2-b
3\ 3 ~ Y N
(c) bz ) + (0l(8p, + Bp )

“quations A1.53 and Al.5H are non-linear simultaneous af/equ’aﬁi/é.n_s/in Apc

which can be cbtained by' iteration. The flowsplij*\:’s:can then be

and Ap
W

A7
1

determined using equations Al.47 to Al.

52,

14 ~ 1 ]
Althougth Grant and Murray nave reduced the numoer of equations to be

solved to a minimum, the form of equations 41,53 and Al.54 means that a

simple iteration technique such as forward substitution cannot be used.

pe)

Grant and Muwray solved the above using 2 Newton-Raphson type of solution




414 Moore (1974)
Moore also developed a multi-stream method for HTFS. Moore aimed to
jevelop a more efficlent solution technigue than the method of Grant and
murray. The method is proprietary and can only be shown in a qualitative
form. A schematic of the method is given in Figure Al.3, Moore did not
jefine a pass-partition lane in his method but did include a windowflow
pypass. The main equations are

oy (A1.55)

C
AzT c + Mb + MS + Mt (Al.56)

qu - Mc * 1\;Ib (AL.57)
&w Mo+ (AL.58)
A= f o+ (A1.59)
fioo=d_ o+ (a1.60)

)
M.
1
Ap, = = : (A1.61)
PS: /
1
where
3, = f y ‘ Al.62
g =T e A, Ny (a1.62)

g (Al,64)4

w
i
h
™
wm
2
2

2

Puw2

Where N__ is the number of sealing strips and N

S / -
is the number of
e complicated

T s ~
OWs crossed in crossflow. Moore's method 1S actually mor

an the method of Grant and Murray as it includes a model for ’seal’mg

Sty - ihale strean
Strips, assuming that all the crossflow and bypass form & slng}é S =~

" TOWs with sealing strips.
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the flowsplits are calculated by

snally
S..+S
i’T _ C ( Wl W2> ;’
“ S A 'S+ '
¢ pm Sb T
S S 45
;7 b ( Wl W2> M
M, = = 3 =) M
5 A S 4+ 5.7
b pm c b B
[ S 71 ¢
wl
1, =3 M
Wi A T
pm
N DWZ iy
ML =g M
W2 S A T
D m
[ SS S
M - jul
s S T
D
o SS L4
mt = -5—“‘ 1"1T
D
where
A =1 &5 3 S N
m ¢ c ' Cp’ Twl’ SWZ ' 7.ss c
The iteration scheme is simplicity, itself:-
L] e . L) rd . -
1) Guess M _, M M i M and M
) A S PWZ r g # d t
2) Calculate Si for each of the paths (i = b,c,wi;WZ,s,t)
ovaluate A, 5 from-Al.6H -
m D

3

3)
culate Ap from Al.63
P
vergence and stop if achieve@f
65 to A 7Qaﬁalépn%iﬁue‘from

check con
calculate Mi from equations Al

\n
N

oN
~—

9.

step 2
- . -
y to calculate ApP 2

In fact it is not necessar
as the convergence check could be made on Sp
aéf,'taking 3-5 terations for
he mést efficieﬂt of the-éolutiOn
' peréte ~

This solution technique iSﬁvery'f
ng the least number of se
gives a,simi1,r»f

turbuient flow. Cverall, this is t
Appendix 2

-L\ s 3 g ;
methods shown in this append,lx , requ
thod is proprietary,

calculations, As this me

NN T E A ; .A
Solution preccedure;, designed £




APPENDIX 2: A SIMPLIFIED ITERATION METHOD FOR CALCULATING
DISTRIBUTION IN MULTI-STREAM MODELS J

T‘H'E FLOW
In Appendix 1, it is seen that there are as many different iteration
techniques, as there are different multi-stream models. These schemes
are, in fact, interchangeable because they do not influence the basic
pressure drop and mass flowrate relationships. Unfortunately all the
schemes (with the exception of the proprietary method of Moore (1974) )

are unnecessarily complicated, and are not especially efficient.

A method is presented here which converges on one variable, the
window flowrate. The method presented is very fast (usually 3-4 iterations
for a difference of less than 1% in the window f*l'i')eraté;).’:;Pzart of this

rapid convergence is due to the scaling method. for the initial guess of

the flow distribution. Consider a simple multi-stream model as in

Figure 3.1 of the main text, consisting of five streams

D crossflow,
2) bypass,
3) windowflow,

4) shell baffle leakage, and

5) tube/baffle leakage



The following pressure drop and mass flowrate reiationships

are written

Ap = 8p, ¥ o, (A2.1)
Mo = &C * My (A2.2)
ﬁw = ﬁcr (A2.3)
E1L = &S + 8 (42.4)
T &w 0y (A2.5)

For any individual flowpath, i, a general ;Sre,é.sure drc’)p:/'mass
flowrate relationship is defined as
(A2,6)

where the flow resistance, Ny is a function of flowrate

A2.7)

#
o
1]
Lap]
A
=z
N

Also the pressure drop -between any

regardless of the path taken, and Dence



From Equation A2.2 and A2.8, then

, N
Y o=+ (=M
CcTr nb €
Using Equation A2.3. and rearranging gives

n

o
o2 e

T — M
c 54 ¥ (A2.11)
b C

substituting A2.11 into A2.8 gives

n

Y
2
I "b )2 2
Ap, =n, (T Hy (A2.12)
n°- +n
c b
which is identical to
> L 2 62
= 2+ 2
Apc (nC ny ) Mw (A2.,13)
Similarly solutions of Equations A2.4, A2.5 and A2.9 gives
-% “Lo-2 0 > 2 (2.1
= + - D A,
App (ns n, ) (MT dw) )
As
Ap = i
Py~ P P

then substituting Equations 42.13, A2.14 and Aziis into A2.1 gives

-k D 3 2 =X L._2e2 y ' S
3 RN Y = 2 i} ; (A2.16)
(ns M nt ) (MT - Mw> (nc W W

rearranging and isolating Mw gives

N - (42.17)

W % . -% - e
1 4 (n 2 +n HUn

S t

Ze
il

P
c ,nb

Having isolated &w in termS'Ofkthe t°ta1?

. r .2 iteration scheme
five stream resistances, it 1s €asy to. sef U 7ﬂt‘fmple <

ufe drop.

for obtaining the flow distribution and press



Jteration Scheme

s
=
1}
Ty
[y
s

Equ

(A2.19)

which leads to

. b
n, = C.la M. F.l (A2.20)

2

A good first estimate is obtained for the flow resistance, n,,
1
for each path by assuming Fi = 0,25 for i = b, ¢, s, t and F. = 0.5
i

for i = w in Equation A2.20.

Having obtained five reasonable values for the resi

Equation A2.17 is used to obtain tjlw . The pféssure drops (pr, Apc,

App) are obtained using Equations A2.15. A2.13 and A2.1 respectively.

The new flowsplits are then calculated by

. Ap %
Moo= (—S
[od n :
C
. Ap
Moo= (—)
b
, AD
M = ( D)
S n



and finally

(A2.,24)

The process 1is then repeated using the new flowsplit to re-evaluat
-evaluate

- . (-3
the resistances until convergence of M 1is achieved
W .

As a point of interest, 1t can be seen that the flow resistance
’

n; is largely insensitive to Mi for amy S\'r@aym IEEN ,bjm,u\)except

the crossflow, Opeﬁ{(\b} up the possibility of a hand-calculation

because only n, needs to be re-evaluated; n, Ng» no»n remaining
s w

constant. In this case, only Equations A2.1, A2,13, A2.15, A2.17,

A2.20 and A2.22 are needed all of which are very simple expressions to

hnston (1984),

evaluate. In fact, this method has been used Dby WiI:

ESDU (1983) in a simplified hand calculation method, However, the

iteration scheme is flexible enough to be able to allow for the

variation of the resistance with flow in up to 211 of the five streams.

If the above analysis 1S repeated for lamina

then the following will be obtained
My

Moo= —— 1T
w1+ (ns +n, )(ﬁc*nb)*nw) ;




which is the laminar solution. As n. ji i / e
i 18 virtually constant for -

i flow (Ap, & y E i | 4
laminar ( Py Mi) then Equation 42,27 can be solved
{ solved with

1ittle or no iteration.




APPENDIX 3 : THE CALCULATION OF BYPASS FRICTION FACTORS

There are no data on bypass friction factors .available either in the

literature or, as far as is known, even in proprietary research. Bypass
friction factors have been calculated by inference from data obtained from

tube-banks with and without bypassing present.

The ideal tube-bank data is used to establish a crossflow relationship

e.g. . v 2

Ap =K —=E—  where Apc » M are obtained experimentally (A3.1)

c CZPAZ
c

The tube-bank with bypassing is treated as a parallel resistance network,

and the bypass pressure drop.is given by (as Apc = Apb ),

&2

b
c b 2
2
PAb

Since Mb is not known, but the total flowrate (Mcr) is known (as 1is Apc)

and - ¢ v (A3 ) 3)

then using Equationa3 .1, it 1is possible to estimate the crossflow

flowrate for the exchanger with WPaSSlﬂB nfizzhr—e?*ce the bypass ﬁlpWra‘cey

A suitable definition for the DYDaSS fr Ctlo“ /f/actor is defined as

the usual fomm,

Kb=b. be

(A3.4)
b -

which combined with a suitable Reynolds number definition,

Rgbz féMb.)

leads to a bypass friction factor r ’IatiOnsh}p

X

At the ti ¢ writing this T come available f\r;om,Lee("'19,83“).
e ime- 0 L , L015 - - :




APPENDIX 4: NUMERICAL SOLUTION PROCEDURE FOR CROSSFLOW/LEAKAGE
INTERACT ION e :

The resistance equation (Equation 4.2)) is L :
ts ¢ ah ( a (—3"\-@.\ h
LYo R0 -er (R )
& (A
e

4e1)

A = Py 8 = APC
AT e ) ) ) Rele
- mg"

let x = exp (-y/A)

The maximum value of x is 1 wheny :ﬁ;,,




Expanding equation A4.3 by the binomial theorem ie.

n _ _ 2- A
(|~ x) =\ T xX + g\\\ 1-(!\(!\ |)(n-1))x_+ (Alﬂ-9

Rx Lg _ Le y
TN
- e teep () g (Ak-S)
et (30 = o= (73 (A6

and the expression

N (ﬂ - \) (f\ = 1) NP ( n"‘ (')CM bQ UJ?JEA'\ wh

4

mathematical notation as
h o) (B -2)h-3) - (-1) =

hence

=\ (n_. (ALI-") .

Sy




Equation A4.8 may be expressed more concisély/as;

R. g L8
n =
mB O
integrating
_.LB-
=5 = Lg -
m B

- 106



The required solution procedure is very 1engthy as an iterative

solution is required using both equations A4,

1)

2)

3)

4)

In practice, this solution procedure is ﬂ--sVUFF\'(\"Q-l\i'\LX \Q’ﬁg‘\-\\\s o bhe

ussuitable for use as a design procedure, -

12 and 44.13 i.e.

guess RX,

evaluate Rx from 44.12 (taking sufficient terms

in the infinite series for accuracry.

Substitute new value of §x into equation A4.13

to evaluate a new Apc .

repeat steps 2 and 3 with new values of ﬁx’

until convergence is achieved.
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