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ESDU DATA ITEMS
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government research laboratories, universities and others from around the world through the participation of some
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be communicated concisely and accurately to the engineering community.
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provide a better service.
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DESIGN AND PERFORMANCE EVALUATION OF HEAT EXCHANGERS:
THE EFFECTIVENESS - N4, METHOD

PART 2.PERFORMANCE COMPARISONSAND SELECTION OF CONFIGURATIONS
PRESENTED IN PART 3

1 NOTATION AND UNITS

Two sets of self-consistent units are given.

>
[a)
ok
g A effective surface area of heat exchanger
c
§ C* thermal capacity ratio (defined in Section 4.2.3 of Part 1)
>
2 c, specific heat capacity
=
th E thermal effectiveness (defined in Section 4.2.1 of Part 1)
>
(&)
5 Ly, baffle plate thickness
L
— .
5 M mass flow rate
£ N7y number of heat transfer units (defined in Section 4.2.2 of
b= Part 1)
.90
% N number of thermal platesin plate-type exchanger
(@]
; Neh number of channels for each stream in plate-type
o exchanger
w

Np number of stream passes in plate-type exchanger

I fouling resistance

U overall heat transfer coefficient between streams

U, overall heat transfer coefficient across central baffle of

F-shell heat exchanger
Y ratio of potential for heat transfer across baffle and between
streamsin F-shell heat exchanger
o heat transfer coefficient
A thermal conductivity
Issued July 1998
1

Units
S| British

JkgK  Btulb°F

m ft
kgls lb/h
m2K/W  ft?h°F/Btu
W/m2K  Btu/hft? °F
W/m2K  Btu/h ft2 °F
W/m2K  Btu/h ft? °F
W/mK  Btuhft°F
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Subscripts

b refers to baffles

larger larger value of parameter in streams
smaller smaller value of parameter in streams
1 refers to stream number 1 or location 1
2 refers to stream number 2 or location 2
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2. INTRODUCTION
2.1 Purpose and Scope

Thisisthe second of agroup of Data ltems concerning the effectiveness (E) - number of heat transfer units
(N1) method for the thermal analysis of two-stream heat exchangers.

Aspects of the method presented in the Data Items in the group are as follows.

Data Item . _
Number Title Description
98003 Part 1. Introduction Description and overview of the E-N, method.
98004 Part 2. Performance comparisons | Comparative performance and performance
and selection of configurations limitations of particular heat exchanger
presented in Part 3 configurations.
98005 Part 3. Graphical and analytical Data required to use the method. The range of
data heat exchangers covered includes pure
counter-current, pure co-current, crossflow,
shell-and-tube and plate heat exchanger
configurations.
98006 Part 4. Case studies Case studies, incorporating all elements of the
method presented.
98007 Part 5. Analytical techniques Numerical and algebraic techniques for relating
heat transfer effectiveness, E, to the number of
heat transfer units, NTU .

Comparative performance data are provided for a comprehensive range of crossflow, shell-and-tube and
plate-type exchanger geometries.

In addition to providing comparative performance data, this Item extends the E — N, method to the
specification of the thermal performance limitations of particular heat exchanger configurations; hence the
suitability of a particular configuration for a particular duty may be ascertained.

ESDU Copyright material. For current status contact ESDU.

2.2 Comparison of Heat Exchangers

Graphical E — N, dataare provided in Part 3 of this group of Data Items for a wide range of practical
heat exchanger configurations. For those experienced in heat exchanger design, thesetypeswill befamiliar
but, for theless experienced engineer, the choice of theright typefor arequired duty can beamajor problem.

Data are presented in this Item that allow comparisons to be made of the performance of different heat
exchanger configurations or examinethe effect of linking heat exchangerstogether. Such comparisonsneed
to be considered during the design process, together with the effects of cost, pressure drop, mechanical
design, geometric constraints and other factors outside the scope of this group of Data ltems.

The characteristics of crossflow and serpentine heat exchangers are discussed in Section 3, and the
characteristics of shell-and-tube and plate-type heat exchangers are discussed in Sections 4 and 5
respectively.
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An important parameter in the analysis of a particular geometry of heat exchanger is the maximum value
of effectiveness, E, that can be achieved for a particular value of thermal capacity ratio, C*, no matter how
big the heat exchanger ismade. Knowledge of thiseffectivenesslimit providesameansof rapidly discarding
from consideration during a design exercise those geometries or categories of heat exchanger that are
incapable of achieving arequired effectiveness.

In Section 5.1.1 of Part 1 it was shown that for a constant heat capacity ratio, C* , the effectiveness, E,
increases with the number of heat transfer units, NTU , and reaches an asymptotic value as NTU tends to
infinity. For some types of heat exchanger, the value of E passes through a maximum before tending to a
lower asymptotic value.

Application of the maximum effectiveness criterion to crossflow heat exchanger configurationsisdiscussed
more fully in Section 3.8 of this Item and to shell-and-tube configurations in Section 4.6. Maximum
effectiveness data are not presented for plate-type exchangers.

23 General Assumptions

The E — N4, method, in common with all similar methods used in two-stream heat exchanger design, is
based on the following assumptions (repeated from Part 1):

. heat exchange with the surroundings is negligible,

. constant specific heat capacities are assumed,

. the overall heat transfer coefficient between the streamsis constant throughout the heat exchanger,
. mixing occurs in each stream so that fluid temperature is uniform over any cross section at right

angles to the direction of flow,

. where aheat exchanger consistsof multiple parallel paths, such astubesin arow or channelswithin
adjacent plates, the flow rates and heat transfer areas in each path areidentical.

Any further assumptions relating to specific geometries are discussed in detail where data for these
geometries are presented.

ESDU Copyright material. For current status contact ESDU.
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3. CROSSFLOW AND SERPENTINE EXCHANGER TYPES

31 Description

Crossflow heat exchanger typesinclude X-shells (in which the shellside flow isin pure crossflow, resulting
in an extremely low pressure drop), tube banks in ducts, air-cooled types (see ESDU 940437), heat
exchangers in domestic refrigerators, boiled feed water preheaters and economisers, carbon block
exchangersand plate-fin exchangers (see ESDU 970069). Many common applicationsinvolve heat transfer
between agas and aliquid, such as heat rejection in process plants or air conditioning systems. The most
widely used crossflow heat exchanger is the car radiator.

A wide range of designsis possible, particularly when multiple pass configurations are employed. Some
of the many types of heat exchanger that may be classified as multi-pass and crossflow are illustrated in
Sketch 3.1.

A .4

- [

)\

Natural convection Induced draught Forced draught

(a) Air-cooled heat exchangers

IV
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(b) Plate-fin heat exchangers l
M
(¢) Tube-in-plate heat exchangers (d) Tube-in-duct heat exchangers

Sketch 3.1 Typesof multi-pass crossflow heat exchangers
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The essential feature of each design isthat heat is transferred between two streams flowing at right angles
to one another. For example, one stream flows within a series of tubes and the other stream flows at right
angles over the tubes. Alternatively, in the plate-fin or printed-circuit heat exchanger, both streamsflow in
channels arranged at right anglesto one another and exchange heat through the plates dividing the streams.

Effectiveness-Ny; data are presented in this group of Data Items for a wide range of tubular geometries
(see Section 3.2.2.1) and certain plate-type applications in crossflow (typified by the plate-fin type, see
Section 3.2.2.2).

32 General Assumptionsfor Crossflow Exchangers

3.21 Flow distribution
Intheanalysisof cross-flow exchangersit isassumed that theflow distribution isuniform. Thisuniformity
applies to the distribution of flow between tubes fed from a header and to the distribution of flow passing
over abank of tubes or over aplate.
Seriousdeparturesfrom uniform distribution could occur with poorly designed headers, tube bundlesplaced
in ductsimmediately downstream of bends or valves or in forced draught air cooled heat exchangerswhere
insufficient depth isalowed in the plenum between the fan and tube bundle. The effects of maldistribution
will generally be to reduce heat transfer performance. Such reductions are not considered in this Item.

3.22 Sream mixing assumptions

The following stream mixing assumptions are made.

M Thetemperatures of both streams are uniform acrosstheir inlet planesto the exchanger.
(i) Inall planesnormal tothedirection of itsflow, each stream isassumed to beeither fully mixed
or unmixed.
Fully mixed

A characteristic of a fully mixed fluid is that its temperature is uniform across any section and
varies only in the direction of flow.

ESDU Copyright material. For current status contact ESDU.

Unmixed

The temperature of an unmixed fluid passing through an exchanger can vary across any section
and in the direction of flow.

Sketch 3.2 shows two-dimensiona representations of real (three-dimensional) heat exchangers, and
illustrates the three options that arise when all combinations of the mixing assumptions are considered for
a simple single-pass crossflow heat exchanger. The performance of these single-pass crossflow heat
exchanger configurations is illustrated in Section 3.3, where it can be seen that peak heat transfer
performance is obtained in unmixed/unmixed conditions.
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mixed
stream

Mixed in both streams”
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mixed unmixed unmixed
stream stream stream
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.

e N\

unmixed
stream

mixed
stream

- ’ -

Unmixed in one stream,
mixed in other stream

Unmixed in both streams

" This arrangement is unlikely to be encountered in conventional heat exchangers.

Sketch 3.2 Single-pass crossflow exchanger s with various mixing assumptions

Theapplication of these stream mixing assumptionsisdiscussed in Section 3.2.2.1 with particul ar reference
to tubular crossflow exchangers and in Section 3.2.2.2 for multi-channel or multi-tube types such as
plate-fins, in which flow is unmixed.

3.2.2.1 Tubular crossflow and serpentine types

Tubular crossflow heat exchangersinclude air-cool ed, tube-in-plate and tube-in-duct types (see Sketch 3.1).

On the tubeside the following assumptions are made to describe the mixing, asillustrated in Sketch 3.3:

Flow within a single row of tubesis fully mixed; that is, it is assumed that every tube in arow
behavesin an identical manner.

If aheat exchanger consists of more than one row of tubesin asingle-pass, then it is assumed that
no mixing occur s between rows and each row behaves in a distinct manner. The effectiveness
increases progressively as the number of tube rows increases and the behaviour moves from the
limiting condition of fully mixed (for one tube row) to unmixed (for an infinite number of tube
rows). Between theselimitstheflow isreferred to as* partially mixed' . Thisbehaviour isillustrated
in Section 3.3.

Outside tubes the following assumptions are made in each of the three directions x, y, and z, asillustrated
in Sketch 3.3.

Copyright Engineering Sciences Data Unit

Provided by IHS Markit under license with ESDU

In the direction of flow of the fluid passing over the tubes, x, full mixing occurs due to general
turbulence and enforced changes of direction (see Sketches 3.3aand ¢).

Thereisa so full mixing inthe direction normal to the length of the tubes, y (see Sketches 3.3aand
) due to the assumptions of uniform flow distribution and uniform temperature of the tubeside
fluid across the inlet plane to the tubes.

Along the length of the tubes mixing is unlikely to be excessive and it is assumed that flow over
tubesisalways unmixed (see Sketches 3.3b and c).
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Circumferential finning, whichisafeature of many typesof heat exchanger wheregasflowsoutside
the tubes, will inhibit significantly any mixing along the tubes (that is, in the direction of the tubes
as shown Sketch 3.3) whilst the plates of tube-in-plate designs prevent mixing almost entirely.
(There may be small conductivity effects across the plates.)

Flow outside unsupported tubes in the direction of the tubes (that is, in z direction) is always
unmixed and may lead to aslight overprediction in performance of plain (unfinned) tubes, but the
error is believed to be small in comparison with the overall uncertainties of the method.

’_

e [JLL QDL LA QD]

eee - I mmmmr

oe®e T,

a. Srong mixing through tube rows Mixing in z direction by local turbulence
inhibited by finning (unmixed flow assumed)

%r

b. Poor mixing along length of finned tubes

ESDU Copyright material. For current status contact ESDU.
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77, X - direction of fluid flow over tubes.
z Y
mixing in this "o Mixing in this direction
streamin this aways assumed
direction affected
by assumptions
oM
o®
v,
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mixing in this \\)‘06‘

stream in this Q

direction always ()

assumed

Q)
v
c. Mixing within a single-pass crossflow bundle
Sketch 3.3 Mixing assumptionsin crossflow over tubes
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For flow both on the tubeside and over tubes, fluid motion in the direction transverse to the main flow and
paralel to the direction of the other fluid is alone considered in establishing the mixing characteristics of
the streams in crossflow exchanger configurations. By inspection of Sketch 3.3c it can be seen that

. themixing characteristics of thetubeside flow are defined by the behaviour of theflow in the
direction x, and

. the mixing characteristics of flow over the tubes are defined by the behaviour of the flow in
thedirection z

3.2.2.2 Typeswith unmixed flow in exchanger channels or tubes

Multi-channel and multi-tube heat exchanger types, typified by the plate-fin (see Sketch 3.1), arethe closest
approach to the unmixed stream assumption in practice. In a plate-fin exchanger, the flow passages are
divided by numerous thin fins that prevent turbulent mixing and no mixing is assumed in either stream.
However, even here, some heat transfer can occur on account of conduction through the fins.

3.23 Additional mixing assumptionsfor multi-pass configurations

For multi-pass heat exchangers, it is aso necessary to consider the conditions between the passes. Again
two extremes exist: fully mixed and unmixed.

It is assumed that any connection between passes that is made by collecting the tube exit flow from one
pass into a header and then redistributing the flow from that header into the next pass can be represented
by full mixing

Conditions for unmixed flow require the positive separation of flows between passes, the most obvious
example being the connection of tube rows by U-bends. Two methods of making such connections are
illustrated in Sketch 3.4 and are identified as inverted and non-inverted flow depending upon the resulting
order in which the flows in the tubes encounter the flow outside the tubes. From practical considerations,
it is assumed that the U-tube method of connection is restricted to designs with two rows of tubes per pass

|

| T i |
—))) =—p

l

<
! T ! |

>

ESDU Copyright material. For current status contact ESDU.
»|

N

(a) Full mixingin header (b) U-tube connections, (). U-tube connections,
inverted flow non-inverted flow

Sketch 3.4 Mixing between passes

Connections between passes on the tubesidetubeside of crossflow exchangers are therefore assumed to be
either fully mixed (designs with headers) or unmixed (designs with U-tube connections). Mixing
assumptions for connections between passes outside the tubes can in principle lie anywhere between these
two extremes. For plate-fin exchangers, the flow passing axially along the unit will see no disturbance from
one pass to another and will remain totally unmixed. Similarly, if the spacing between rows of tubesin an
exchanger is the same between passes as within a pass the unmixed assumption can be retained. However,
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3.3

difficulties would arise if significantly larger gaps between tubes were left between passes since partial
mixing could occur. Observations of common designs of multi-pass crossflow heat exchangers suggest that
a uniform tube pitch is usual and, therefore, non-mixing between passes outside tubes is assumed in this
group of Items.

In addition to opportunities for mixing and non-mixing, multi-pass heat exchangers also provide a variety
of options for flow arrangement. The two practical arrangements of counter-current flow and co-current
flow are considered here. In counter-current flow arrangements, thefirst pass of one stream exchanges heat
with the last pass of the other stream (see Sketch 3.5a). In co-current flow arrangements, the first pass of
one stream exchanges heat with the first pass of the other stream (see Sketch 3.5b).

rrrrt

g 5

Pttt

N\

D

rrrret

- > —

rrrret

(a) Counter-current (b) Co-current

Sketch 3.5 Possible flow arrangements
Comparisons of Performance of Single-pass Crossflow Configurations

The performance of single-pass crossflow heat exchangersisillustrated in Sketches 3.6 and 3.7 for arange
of configurations. Sketch 3.6 illustrates the effects on performance estimates of combinations of mixing
assumptions. It can be seenthat peak heat transfer performanceisobtai ned in unmixed/unmixed conditions.
Similarly, Sketch 3.7 showsthe heat transfer behaviour for arange of single-passheat exchangers consisting
of one or more rows of tubes. Here it may be seen that the effectiveness increases progressively as the
number of tube rows increases, illustrating the benefit of moving from mixed (one tube row per pass) to
unmixed (an infinite number of tube rows per pass) flow on the tubeside.

It can be seen in Sketch 3.7 that the performance of a single-pass crossflow configuration with four tube
rows is very close to that for an infinite number of tube rows. For practical purposes, for configurations
with five or more tube rows the datafor an infinite number of tube rows can be used; aslight overestimate
of performance will be obtained, particularly at higher valuesof N, .
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l —> —
(a) Mixed in both streams
(CRO-MIX/MIX) N ﬂ/_
o |
(b) Mixed in one stream: (Mcp)sma”erunmixed
— — (CRO-UNMIX/MIX-1)
H / (c) Mixed in one stream: (Mcp)smaller mixed
! (CRO-UNMIX/MIX-2)

(d) Unmixed in both streams
(CRO-UNMIX/UNMIX)
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Sketch 3.6 Single-pass crossflow exchanger s with various mixing assumptions
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Sketch 3.7 Single-pass crossflow exchanger with various number of tuberows
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34 Comparisons of Performance of Two-pass Crossflow Configurations

For two-pass crossflow heat exchangers, Sketch 3.8 shows the behaviour of counter-cur rent” flow
arrangements with headered connections of the tubes. For single-pass exchangers (Sketch 3.6) it is seen
that the curves for finite numbers of tube rows form an ordered relationship between one tube row and an
infinite number of tube rows. A similar relationship is observed for counter-current flow of two-pass heat
exchangers, with the effectiveness again increasing as the number of tube rows increases. For design or
rating calculations, it is recommended that separate data sets should be used for one, two and three tube
rows per pass. For more than three tube rows per pass, it is recommended that the solution for an infinite
number of tube rows should be used. Comparisons show that the effect on the curves of the position of the
stream with the smaller thermal capacity, (M Cp)maller + 1S NEgligible.
The behaviour of two-pass crossflow heat exchangers with co-current’ flow arrangement and headered
connectionsis shown in Sketch 3.9. Here there is no ordered progression from one tube row per passto an
infinite number of tube rows per pass, and for Ny, values below approximately three the values of E are
independent of tube row count. However, increasing the number of tube rows decreases progessively the
effectiveness at high valuesof N . In all cases amaximum effectiveness value is observed. Data sets are
provided for one tube row per pass, two tube rows per pass and three tube rows per pass. For more than
three tube rows per pass, it is recommended that the solution for an infinite number of tube rowsis used.

It should be noted that (perhaps surprisingly for co-current flow) the data highlight the onset of reverse heat
flows or local temperature cross. Thisis because, for a single-pass unmixed/unmixed heat exchanger, the
heat transfer effectiveness at high valuesof N, tendsto unity. As aresult atemperature cross can occur
inthefirst half of the heat exchanger. Thistemperature reversal means that some of the heat transferred in
the first pass will be transferred back in the second pass. As N, increases, more and more of the heat
transfer in the first passis reversed, so reducing the performance.

Sketch 3.10 shows the effect of headered and U-tube connections of the tubes for two tube rows per pass
and counter-current flow. It can be seen that the connections between passes have virtually no effect upon
the effectiveness and it is recommended that design and rating calculations are performed using the
relationship for the headered arrangement.

Sketch 3.11 repeatsthe comparison of two-pass, two tube rows per passheat exchangersbut using co-current
flow arrangements. Here, changing the connections between passes has a significant effect upon
effectiveness. It is observed that the arrangement with a U-tube connection that does not invert the flow
gives the best performance. Detailed investigation of the temperatures of the two streams while passing
over the four rows of tubes reveals that the non-inverted flow arrangement produces temperature driving
forces at high values of N, that generate less reverse heat flow than the other two options and hence a
higher overall effectiveness. Data sets are provided for U-tube inverted flow connections and U-tube
non-inverted flow connections

ESDU Copyright material. For current status contact ESDU.

In the context of amulti-pass crossflow configuration, a counter-current arrangement is defined as one where the tubesideinlet is located
adjacent to the exit of the crossflow stream (see Sketches 3.8 and 3.10).

T In the context of a multi-pass crossflow configuration, a co-current arrangement is defined as one where the tubeside inlet is located
adjacent to the inlet of the crossflow stream (see Sketches 3.9 and 3.11).
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Sketch 3.8 Two-pass crossflow exchanger swith mixing between passes and counter-current flow
arrangement
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Sketch 3.9 Two-pass crossflow exchanger swith mixing between passes and co-current flow

arrangement
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Sketch 3.10 Two-pass crossflow exchanger s with two tube rows per passand counter-current flow

arrangements
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Sketch 3.11 Two-pass crossflow exchangerswith two tube rows per pass and co-current flow
arrangements
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