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A circuit data structure (circuit connection network) for a general description of different circuit
configurations in computer programs is presented. On basis of this data structure, a general tube-by-tube
simulation model and the corresponding code for prediction of plate fin-and-tube heat exchanger
performance are developed. The code can be applied to any complex circuit configuration, and also has
great flexibility in simulation of heat exchanger with different fin structures, tube types, and various

refrigerants under both dry and wet conditions. The model and the code are verified against experi-
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mental results both in literature and authors’ data, and have been successfully adopted to simulate
a practical heat exchanger. Design software based on the model is developed using C++, which is
a highly flexible and customizable simulation platform with friendly graphic user interface.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Plate fin-and-tube heat exchangers are employed in a wide
variety of engineering applications such as air-conditioning, heat
pumping, and refrigeration systems, and play a vital role in terms of
manufacturing cost and energy consumption of these systems. For
the most plate fin-and-tube heat exchangers used in air-condi-
tioning and refrigeration systems heat transfer occurs between air
and refrigerant. Studies on this type of heat exchangers have been
conducted in three aspects. First aspect is the experimental and
numerical investigations on the heat transfer and pressure drop
characteristics of the air side, and the major concern is to obtain
correlations for heat transfer coefficient and friction factor. In this
regard, successful achievements have been obtained. For the tube-
fin heat exchange surface patents issued from 1981 to 1991 in USA,
Wang [1] has made a comprehensive review. A compilation of heat
transfer and friction factor experimental correlations for plain,
wavy, louvered and slit fins is given by Wang et al. in [2—5].
Numerical simulation plays an important role in the performance
predictions of complicated fin structures [6—9]. Second aspect is
the study of phase change heat transfer and pressure drop char-
acteristics of refrigerants in tubes. In this regard correlations are
mainly obtained by experimental measurements. A number of
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correlations have been published for the phase change heat transfer
in tubes with conventional diameters (larger than 5 mm) [10—16].
For the air-refrigerant heat exchanger the results of above two
aspects only provide design database. There is another important
aspect which affects the performance of the heat exchanger, and
hence should be seriously taken into account in the design, i.e., the
circuitry of the refrigerant. In this aspect computer simulation has
played a very important role in taken various complexity into
consideration based on the above-mentioned achievements. These
complexity factors include: fin-surface geometry, tube arrange-
ment, refrigerant circuit layout, airflow non-uniformity, different
working fluids and various operating conditions (hereafter for the
simplicity of presentation this aspect will be simply called circuit
design).

A general circuit design procedure (program) of plate fin-and-
tube heat exchangers should be not only accurate and efficient in
performance prediction, but also high flexible and advantageous in
following aspects: it can be applied to different types of heat
exchanger (condenser and evaporator); it can be applied to a wide
range of refrigerant sorts, fin geometry structures and tube types; it
can be applied to all kinds of air-side working conditions (dry and
wet surface conditions); it can be applied to different tube
arrangements (in-line and staggered) and various complex circuit
configurations.

In the past decades many heat exchanger performance simula-
tion approaches or models have been proposed and implemented
[17—27]. Although in the development of these models, the
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universality and flexibility have been more or less taken into
account, the adaptability to circuit configurations is still a weaker
point to be further improved than other aspects due to the circuit
variety and complexity. Most researchers adopt the tube-by-tube
computation idea to simulate heat exchanger performance. This is
an approach to individually compute each tube section one by one
by tracking heat exchanger tube-side fluids flow. A key and difficult
problem when implementing this method is how to determine
tube computing sequence and tube-side working fluids distribution
in different circuit configurations.

Bensafi et al. [17] presented a computational model CYRANO for
the design of a heat exchanger, and this model was applicable to
limited circuit configurations with several refrigerants. Vardhan
and Dhar [18] developed a numerical model which can handle the
circuit with several inlets and outlets. However, in this model the
tube arrangement was assumed to be always in-line. Corberan and
Melon [19] focused on the effects comparison between different
correlations for both heat transfer and pressure drop in simula-
tions. Liang et al. [20] took the circuit with branches into consid-
eration in their model, but the number of branches was limited
to two. Domanski developed a software package EVAP-COND
[21,22], which was based on the computational model EVSIM [23]
presented by himself, to simulate heat exchanger performance,
and it was also limited to typical circuit layouts. Liu et al. [24]
presented a steady state mathematic model based on the graph
theory. They defined an “adjacent matrix” to describe the whole
circuit configuration. The adjacent matrix expresses the connec-
tions among tubes and greatly improves the flexibility of simula-
tion method. Jiang et al. [25] introduced a very similar idea called
“junction-tube connectivity matrix” into their model to represent
various circuits. Differing from the adjacent matrix, this one
describes circuit by the connections between junctions and tubes.
The software named CoilDesigner for heat exchanger simulation
and design based on this method was developed. Singh [26,27]
et al. made a further contribution to this method by taking
account of the fin conduction and shapes in their model.

In all the researches mentioned above, only the works of Liu
et al. [24] and Jiang et al. [25] have a better flexibility in handling
circuit configuration. According to the descriptions of references
[24,25], their methods can deal with almost any complex circuit
configuration. However, the solving approaches of them are
different. In the method of Jiang et al. [25] a series of equations for
each “junction” are derived according to the circuit configuration,
and all unknown variables are calculated by solving these equations
simultaneously. In the method of Liu et al. [24] the computation
procedure is directly dependent on the circuits, and each unknown
variable is always calculated out by upstream known variables. The
former can be regarded as an “implicit” method, and the latter can
be thought as an “explicit” one. The explicit solution procedure is
directly dependent on the circuit arrangement while the relation-
ship between implicit solution process and circuit arrangement is
not so obvious. However, in the method of Liu et al., the compu-
tations of heat transfer and pressure drop, which are dependent on
each other, are carried out completely independently. The tube
solving sequences for heat transfer and pressure drop are even
different. The simulation exactitude is then questionable, especially
for the identification of the phase change region and the determi-
nation of heat transfer and pressure drop therein.

In this paper, firstly a general data structure of circuit configu-
ration is introduced to describe any complex circuit configuration
that could be found in a heat exchanger. Compared with the matrix
expression method, the circuit express and the flow trace of the
present method are more direct and convenient for readers to
follow. Then a general solution procedure for performance simu-
lation of plate fin-and-tube heat exchangers is presented. Similar to

the approach of Liu et al., the solution procedure is also explicit. The
original contribution of the present one is that, differing from the
approach of Liu, in this procedure the heat transfer and pressure drop
are calculated simultaneously and corrected for each other in every
step, according to the same solving sequence for both heat transfer
and pressure drop which is determined automatically with the help of
the data structure. This guarantees the consistency between heat
transfer and pressure drop calculations. Furthermore, performance
simulation software with friendly graphic interface based on this
procedure is developed. It greatly facilitates the works of circuit
design, datainput and output, performance prediction and alterations
of different fins, tubes and refrigerants. All of these features are
favorite to obtain a better circuit design which is helpful to reduce
energy consumption, to increase the energy efficiency and to decrease
the cost in manufacturing plate fin-and-tube heat exchangers.

2. Model and approach
2.1. Element model and assumptions

For investigating the performance of a heat exchanger in detail,
the entire heat exchanger (Fig. 1(a)) is first discretized into
a number of elements indicated by tube number TN and element
number EN (Fig. 1(b)). Each element is composed of part of tube and
its associated fins, and can be analyzed as an independent small
cross flow heat exchanger using local parameter values shown in
Fig. 2. Such an analysis element can be used for both condenser and
evaporator, and for the evaporator it can be applied for both wet
and dry conditions. In addition, either e-NTU method or LMTD
method [28,29] can be adopted. All of these ensure the flexibility of
element analysis.

The main assumptions made in the model are as follows:

1. The overall heat transfer process is in steady state;

2. The axial heat conduction in tube wall is neglected;

3. The tubes are adiabatic in the part of return bends and branch
joints (split and merger);

4. The thermal resistance of tube wall is neglected;

5. The frontal air flowing direction is vertical to the heat
exchanger air inlet face;

It is to be noted that the first four assumptions are very good
approximations to the practical situation. For example we have
estimated the axial heat conduction in tube with some practical air-
conditioning heat exchanger test data and found that this amount
of heat conduction is always less then 0.05% of the heat transfer
between fluid and air within the same length of tube. The last
assumption is adopted simply because that reliable correlations in
heat transfer and friction factor are not available in the literatures,
otherwise this assumption can be removed. Also should be
emphasized here is that the heat transfer between neighboring
tubes through connected fin surface is taken into consideration and
the details will be described later.

2.2. Element solution

2.2.1. Element inlet parameters

In refrigerant side, each continuous tube is consisted by a series of
computational element from the tube inlet to outlet. For each
element the refrigerant outlet parameters serve as the inlet param-
eters of the next element. And the inlet parameters of the first
element in a tube are equal to the tube inlet values. The outlet
parameters of the last one are equal to the tube outlet values.

In air side the inlet and outlet connection is a bit more
complicated than that of tube side. It should be divided into two
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Fig. 1. Heat exchanger discretized model.

cases: in-line tube arrangement and staggered arrangement, as
shown in Fig. 3. For the in-line tube arrangement (Fig. 3(a)), the
inlet parameters of an element are simply given by the air outlet
values of the previous element; while for the staggered tube
arrangement (Fig. 3(b)) the air inlet values should take the
weighted-average of the outlet values of the previous neighboring
two elements. They are:

mair,el = (mair,eZ + mair,eB)/z
Pair,el = (Pair,eZ + Pair,eB)/z
Hair,eI = (Hair‘ezmair,ﬂ + Hair,eBmair,e3)/mair,e1

dair,el = (dair,eZmairAeZ + dairteBmair,eE})/mainel

2.2.2. Element heat transfer
According to the model assumptions, the total thermal resis-
tance of an element can be given as follows:

1 1 N 1
kAtub,o nhoAyir hiAtub,i

Rele = (2)

where the air side heat transfer coefficient (HTC) h, is dependent on
fin geometry structure and air velocity; the refrigerant side HTC h;

\ Trul‘,uul' Prcf,uul’ Hrcf.uu(

: 1
Tanr.m :
il o D
dmr & @ |:> Pair,olll
’ Hair.uui
Y \ dair.uut

Trcl‘.in’ Prcl'.in’ Href,in

Fig. 2. Single computational element.

depends on tube type, flow regime and refrigerant properties; k is
the element overall heat transfer coefficient based on the temper-
ature difference. The two HTCs should be calculated by using
corresponding correlations [2,8,10,11,13,15].

The element heat exchange can be directly calculated by e-NTU
method [25—27]:

¢e1e = é(mcp)min (ThAin - Tc,in) (3)
or computed by LMTD method in an iteration way [25—27]:
(1)
Pete = kAwup o¥ATLMTD (4)
The air outlet parameters of element are determined by:

¢e1e = mair (Hair,in - Hair,out) = maircp (Tair,in - Tair,out) (5)

And the refrigerant outlet parameter is calculated by:

¢e1e + ¢cdct = mref (Href,in - Href,out) (6)

where ¢4 iS the heat conductions between neighboring tube
elements through fins. It is calculated by Fourier law, for which the
temperature difference of refrigerants in two neighboring elements
is taken as the temperature difference of heat conduction due to the
negligible tube wall thermal resistance.

When air side heat transfer surface is at a temperature below
the water vapor dew point, moisture condensation occurs. Under
this wet condition, the heat transfer is driven by enthalpy

In-line

Staggered

Fig. 3. Air flows in two tube arrangements.
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difference instead of temperature difference, and the thermal
resistance is given as follows [31,32]:

1 bref,w bw,air (7)

Rele = =
kWGtAtub,o Nwethwet0Aair hwet,iAtub,i

where ket is the element overall heat transfer coefficient based on
the enthalpy difference, hye; is calculated as the same as h; of dry
condition, and hyet, is air side heat transfer coefficient under wet
condition which can be calculated by correlations proposed in
[3-5].

The heat transfer can be calculated by log-mean enthalpy
difference (LMED) method proposed by Threlkeld [32], which is
similar to LMTD:

¢ele = kwetAtub,olpAHLMED (8)

The outlet parameter values of moist air can be determined by
using process/conditioning line equation [31,32] to deal with the
variations of humidity with enthalpy changes of moist air, which is
a piece-wise linear approximation approach based on energy
conservation and state equations. All the computation results in
this paper are carried out by using e-NTU method.

2.2.3. Element pressure drop
Air side pressure drop is primarily caused by the flowing friction

and the variation of flow cross-section area, and can be expressed
by following equation [29,30]:

G2 o [Agicpairi Paic
AP R air,c airMair,in i + 1_"_02 air,in _1 (9)
a 2pair,in Acpair,m ar ( ) Pair,out

Refrigerant side pressure drop can be divided into three parts:

APt = APy 4 APq + APy (10)

where APy, APy, APg, are the friction term, the acceleration term and
the gravitational term, respectively. They can be determined as
follows:

L G?
AP; = 4 (e—'e) — 11
4y Uret D; 2Prefﬁm (an
AP, = G? o1 (12)
Prefout  Pref,in
APy = pref m8lelesin 0 (13)

The friction factors in air side and refrigerant side, fajr and frer,
can be calculated by appropriate correlations [2—16].

2.24. Element with refrigerant phase change interface

For the plate fin-and-tube heat exchangers used in air-condi-
tioning and refrigeration, tube side phase change of refrigerant
occurs in the most part of the tube. In the entire tube side there are
three state regions of refrigerant: gas region, liquid region and two-
phase region. In the different regions different correlations should
be adopted. However, when discretize tube into elements, there is
no way to directly locate the phase change interface. In most cases,
there are often some elements covering two different phase
regions. These elements should be identified by checking outlet
parameters in computation [25].

Take a condenser tube element for an instance. If the inlet
refrigerant is in the gaseous state, first assume that there is no phase
change in it and compute the outlet parameters: enthalpy Hoy and

pressure Py Then check the enthalpy Hoy: with saturated vapor
enthalpy Hg,: corresponding to the pressure Poye. If Hoye > Hsat, it
indicates that the outlet refrigerant is still in the gas region and no
phase region changed in the element. If Hyy¢ = Hgy, it says that the
element outlet is exactly the interface of refrigerant converting from
the gas region into the two-phase region. If Hyy¢ < Hgat, it means that
the outlet refrigerant has been in the two-phase region and the
interface of the two different phase regions is in this element.

For element containing two-phase regions, it should be dealt as
two consecutive sub-elements that are divided by the converting
interface. A practical way to locate the interface is the repeated 1/2
sub-division method which is described as follows.

Still taking a condenser tube element for an instance, as shown
in Fig. 4, it contains a phase change interface of refrigerant from gas
region into two-phase region. If the element length equals Leje,
there is O < Linter < Lele, Where Lincer is the phase change interface
position. We take [0, Lele] as an initial sub-dividing region. The Liyer
can be determined by following procedure: first assume the phase
change interface at the middle position Lyjg of the sub-dividing
region. Similar to identifying the outlet state presented above, from
inlet to the middle position, solve heat transfer and pressure drop
equations, respectively, to obtain the enthalpy Hpiq and pressure
Pmidg. Then also check the enthalpy Hmig with saturated vapor
enthalpy Hs,ae corresponding to the pressure Prig. If Hpig < Hsap, it
means that the middle position locates in the two-phase region, and
then return to first step with a half sub-dividing region [0, Lq]. If
Hmid > Hsat, repeat step one with a half sub-dividing region [ Limig, Lele ]

An exact interface position can be obtained by repeating above
two steps until Hyiq = Hsa¢ within an allowed tolerance. According
to the authors practice, however, it is not necessary. It is accurate
enough to set a fixed iteration time, say three times as shown in
Fig. 4, and the approximate interface position is in the middle of the
sub-dividing region in the last time. The error caused by this
approximation can be estimated by Eq. (14):

0L < 0.5 1Ly (14)

where nis the lastiteration number. This inequality can be obtained as
follows. Taking an element with length of Leje for instance, after n
searching steps, we can get a reduced region of 0.5"Le|e covering the
actual interface location. If taking the middle point of the reduced
region as the computational interface location, it is obvious that the
difference between the computational and actual locations is less then
the half of reduced region. Thatis 0L < 0.5 x Liequced = 0-5™"!Lgje. SO
for the iteration of three times the interface position error of element
in Fig. 4 is less than 1/16 element length.

For the element covering several refrigerant phase regions, the
air-side computations are also implemented in corresponding sub-
dividing parts. And the air outlet parameter of the element is an
average of each part results.

|:> gas

inlet outlet
(l) Liyer z ;’('
Pettttrtertettentententt
air

Fig. 4. Phase change interface determine process.
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At the end of Section 2.2, it may be interesting to indicate why the
1/2 dividing method (also called binary search) is used rather than
others, such as Golden-Section method. It is the authors consider-
ation that because the interface location in a discretized compu-
tational element is completely random, the 1/2 dividing method
always reduces the searching region by half in each step, which is
more suitable for seeking the phase change interface.

2.3. Circuit configuration

2.3.1. Description of circuit configuration

Fig. 5(a) illustrates a common circuit configuration layout which
contains multi-inlet/outlet, several branches, and split/merger
joints. It can be expressed in a connection map shown in Fig. 5(b),
where the definitions of three kinds of nodes are introduced. The
nodes are defined as follows:

Inlet/outlet node: a logical node (without actual part in circuit)
which represents the refrigerant entrance/exit of the whole heat
exchanger;

Split/merger joint node: a logical node which depicts branches
split and merging;

a id /v / type

prev node <+—— | I [ | | I | ——* next node
] |

split node merger node
Ist branch
2nd branch
3rd branch

Data struciure components

b

8/1v.2/ tube

tube 9
merger (Iv.1)

twbet < | P | 5=
split (Iv.1) I I

Tube node

Setup tube inlet parameters

v

Sctup 1st clement inlet parameters with
tube inlet values

Calculate element heat transfer and
pressure drop

i=i+l

i<max element
number in the tube?

Setup next element inlet parameters
with this element outlet value

Setup tube oulet parameters
with this clement outlet value

End
Fig. 7. Flow chart of tube subroutine.

Tube node: a practical node which represents an actual heat
exchanger tube with associated fins.

Combined with following four rules, the three kinds of nodes
can be connected together by a connection map to describe all
kinds of complex circuit layouts:

c -/ Iv.1/ split

H-:] | | | | | | —— merger (Iv.1)
| L

split (Iv.0) merger (Iv.0)

tube 2
tube 1

Split joint node

-/ 1Iv.0 / outlet

tube 7

Outlet node

Fig. 6. Node data structure.
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Setup Ist node inlet parameter with branch inlet values

I node = Ist node of branch | node = next-node

Tube node Merge node

Split node

Setup cach sub-branch inlet parameter and
reset each sub-branch mass flow rate (Eq.17)

v

Solve all sub-branches by call branch
subroutine recursively

I Adjust mass flow distribution by At

Setup node oulet parameters (Eq.16) |
—>| Call tube subroutine I

| Get prev-node outlet value |<—

next-node = null ?

Setup next node inlet parameters with this node outlet values }—

Setup branch outlet parameters with this node outlet values ]

End

Fig. 8. Flow chart of branch subroutine.
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next-nodes, and correspondingly a merger joint node has one
next-node and at least two previous-nodes.

3. Tube node has only one previous-node and one next-node, and
is set to different levels. The tube level indicates the number of
times that the refrigerant flow is split. The tube nodes with
different level cannot be directly connected together.

4. A branch flow starts from a node whose previous-node is a split
joint, and ends to a node whose next-node is a merger joint
(i.e., branch 4-12-5-13-7 in Fig. 5(b)). A branch can also contain
other branches. As shown in Fig. 5(b) branch 1-8-9, branch
2-3-11 and a higher level node 10 compose another branch.

2.3.2. Data structure

For realizing the circuit description motioned above by code,
a data structure of nodes is designed by a class of C++ language,
and the defining code is:

1. The connection map has only one inlet node and one outlet
node. Multi-inlet can be viewed as branches split at refrigerant
entrance, and multi-outlet can be counted as branches merging

at exit.

2. The joint nodes should appear in pairs of split and merger. A
split joint node has one previous-node and more than two
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Fig. 9. Wall temperature prediction and comparison for refrigerant mass flux of

100 kg/(m?.s).
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Fig. 11. Tested condenser circuit configuration.
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Table 1

Structure parameters of tested condenser.
Parameter Value Parameter Value
Tube length 385 mm Bottom wall thickness 0.34 mm
Tube outer diameter 5.00mm  Tooth depth of microfin 0.20 mm
Air side fin pitch 1.40mm  Number of microfin 40
Air side fin thickness 0.105mm Addendum angle of microfin 40°
Vertical tube spacing 19.0mm  Helical angle of microfin 18°
Horizontal tube spacing 11.0 mm

class CNode {

public:
int id, 1v, type;
CNode* pbranch;
CNode* pnext, pprev;
CNode* psplit, pmerge;

Y

In the above code, integer id and lv are node id number and
level, respectively. Integer type indicates the node type: 0 is tube
node, +1 is (split/merger) joint node, and +2 is inlet/outlet node.
Pointers pnext/pprev record the same level upstream/downstream
node. Pointers psplit/pmerge save the split/merger joint nodes
which are the branch start/end nodes. Pointer pbranch is a dynamic
array, and it is only available for split/merger joint node to hold all
the sub-branch start/end information. The nodes connect to each
other to realize any circuit configuration in computer in the form
similar to linked list or multi-way tree.

Fig. 6(a) illustrates the components of a node data structure and
the three different types of node data structures shown in the
circuit of Fig. 6(b), (c), (d).

It is worth noting that the proposed circuit configuration
description (i.e., circuit identification) and the data structure for
realizing such identification is a new approach totally different
from traditional graphic theory or adjacent matrix method in
previous literatures, and is more direct, convenient and flexible to
construct any complicated circuit configuration.

2.4. Node solution

The performance simulation is always started from the inlet
node, carried on tube node by tube node and ended to the outlet
node.

Because all tube connection parts of a heat exchanger (i.e.,
returned bends) are assumed to be adiabatic, no heat transfer is
computed between two tube nodes connected by a bend, while the
pressure drop caused by friction and local resistance still need to be
calculated by appropriate correlations.

2.4.1. Tube node and merger joint node

The solution process of a tube node is quite straightforward. For
heat transfer either e NTU or LMTD method can be used to obtain
the outlet temperatures (enthalpies) from the inlet parameters, and

W.K. Ding et al. / Applied Thermal Engineering 31 (2011) 3106—3116

the air-side and refrigerant side pressure drop can be determined
by using appropriate correlations according to mass flow rate and
fin/tube configurations.

For a merger joint node, because all the inlet (branch outlet)
parameters are known, it can be computed easily by following
equations:

n :

. i

Myef merger = > Myef branch
i=1

n .
_ - i .
Hrefmerger - Z mref,branchHref,branch‘out/ml‘ef,merger (]6)

i=1
L i
Pref merger = ‘Zl Pref,branch.out/n
i=

The key issue is how to distribute the mass flow rate for a split joint
node.

2.4.2. Refrigerant flow distribution for a split joint node

When refrigerant flows pass through a split joint node, the
branch split occurs and the following equations are used to deter-
mine the distributed refrigerant mass flow rate and state
parameters:

n .
. L
Myef split = Zl Mief branch
i=

T _
Tl'ef.SDllt - Tref,branch,in -

Href,split =H

_Tn
- Tref Jbranch,in

(17)

1 _ — H
ref branch,in — — “'ref branch,in

. pl _ _ pn
Pref,spht - Pref,branch,in - - Pref,branch‘in

The refrigerant mass flow rate of each branch r'nief‘branch depends on
the pressure balance among each branch outlet, and it can be
determined by an iteration procedure as follows.

First set each branch with a supposed mass flow (uniform
distribution is the easiest way), and calculate every branch outlet
pressures.

Second find out the maximal and the minimal outlet pressures

max and the absolute value of the difference

P Pmin
ref ,branch,out’ * ref ,branch,out’
between the two outlet pressures:

Pmin

pmax
ref branch,out

ref branch,out —

APreﬁbranch,out = (18)
Eq. (18) indicates the greatest imbalance of flow distribution among
the branches. Obviously the mass flows of the two branches need to
be adjusted firstly.

Third, reduce .the mass ﬂpw of the branch with ng’émnch‘out by
a small value Ariter, while increase the mass flow of the branch
with P{gg‘bmp chout DY Ariter for the mass conservatior}. Then recal-
culate the difference of two braqch outlet pressuresAPrgf,bmch,om. .If
AP ¢ branch.out < APref pranch,outs it means that the flow imbalance is
lightened, and then return to second step to restart a new adjust-
ment for all branches; otherwise it shows an over correction of
mass flow, and theAris should be reduced (usually a half value) for
a readjustment of the two branches till get a smallerAP’

. . . ) ref branch,out*
The initial reduction/change small value Ariis can be given like:

Table 2
Working conditions of tested and simulated cases.
WA-1 WA-2 WA-3 WA-4 WA-5 WA-6 WB-1 WB-2 WB-3 WB-4 WB-5 WB-6
Frontal air velocity (m/s) 2.0 23 2.5 2.8 3.0 3.5 1.5 1.5 1.5 1.5 1.5 1.5
Atmospheric pressure (kPa) 102.6 102.2 102.1 101.9 102.6 101.0 103.0 102.6 102.5 102.4 100.6 100.4
Refrigerant mass flow rate (g/s) 12.1 14.3 134 14.2 14.5 15.1 11.7 13.6 15.5 17.0 19.6 22.0
Refrigerant inlet pressure (kPa) 1943 1943 1943 1943 1943 1943 2033 2127 2224 2324 2428 2534
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Table 3
Comparison of experimental and predicted results.

3113

Cases Heat capacity Refr. outlet temp.

Refr. outlet pres.

Air outlet temp. Air pressure drop

Expe. (W) Pred. (W) Error (%) Expe. (°C) Pred. (°C) Error (%) Expe. (kPa) Pred. (kPa) Error (%) Expe. (°C) Pred. (°C) Error (%) Expe. (Pa) Pred. (Pa) Error (%)

WA-1 2229 2243 063  44.17 45.01 190 1895 1908 069 433 405 —6.47 40.0 425 6.25
WA-2 2390 2567 741 4389 48.77 1112 1889 1888 —005 429 40.4 583 487 55.2 13.35
WA-3 2503 2507 0.16  43.99 4431 073 1892 1899 037 426 39.7 —6.81 55.1 64.5 17.06
WA-4 2643 2633 038  43.79 43.69 -023 1884 1896 064 423 394 686 65.1 79.7 2243
WA-5 2735 2724 040  43.54 4336 -041 1872 1893 112 419 392 —-6.44 726 90.7 2493
WA-6 2862 2863 0.03 4361 4238 -2.82 1878 1889 059 414 38.8 -6.28 916 112.1 22.38
WB-1 2112 2153 194 4627 45.85 —091 1994 2002 040 453 422 684 274 248 —9.49
WB-2 2438 2444 025 47.85 48.03 038 2075 2085 048 470 432 -8.09 272 2458 -8.82
WB-3 2699 2722 0.85 49.72 49.44 -056 2157 2171 065 483 442 -849 274 248 —9.49
WB-4 2937 2958 072 5126 49.29 —~3.84 2239 2263 1.07  49.7 45.1 —926 274 24.8 -9.49
WB-5 3265 3269 012 5351 53.69 034 2345 2344 ~004 515 46.4 —990 274 248 —9.49
WB-6 3568 3551 —048  55.15 55.80 1.18 2433 2429 -0.16  53.0 475 -1038 274 2438 ~-9.49
2.5. Simulation procedure of entire circuit
. Pmin
Ari 1 ( Mref branch X APref branch out o ) ) )

Mref = 5| Smin — pmin The main simulation procedure is programmed with two

ref branch,in — © ref branch,out subroutines: tube subroutine and branch subroutine. The functions

P « AP of the two subroutines are described as follows (Fig. 7):
ref branch ref branch,out (19) Tube subroutine: computing performances of each element one

max T
ref branch,in

pmax
ref branch,out

Fourth, the whole iterative computation is repeated until
APyt pranch.out 1S l€ss than a prespecified small value, which means
that the most imbalance among branches is reduced to an accept-
able quantity.

In this paper, the allowable max difference among branch outlet
pressures is set to be 10 kPa. Since tube-side refrigerant pressure
usually is at several MPa, this absolute pressure drop difference
only leads to about 1% relative differences in pressure and the
associated mass flow rate difference should be regarded acceptable
in engineering computation. Furthermore, if a higher accuracy is
required, the reset of this allowed absolute pressure drop difference
in the code is easy to be conducted.
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Fig. 12. Condenser circuit configuration.

by one from the tube inlet element to the outlet element (Fig. 8).

Branch subroutine: conducting from the first node of a branch to
the last node, and computing the performances node by node; for
tube node, the tube subroutine is called; For joint node pair (split
and merger), the branch subroutine is called for their sub-branches
and the flow distribution is computed.

It should be noticed that when one node computation is
finished, the next node to be solved can be determined automati-
cally according the connections within circuit data structure. The
whole circuit of a heat exchanger can be regarded as a special
branch form the inlet node to the outlet node and solved by an
iteration using branch subroutine.

It may be noted that above solution procedure, though having
some common features with the one described in reference [24],
solves the fluid temperature and pressure simultaneously, thus
overcomes the drawback of solving them independently.

3. Computational examples

To validate the proposed model and the developed code,
simulations are first conducted, for example, for which experiment
results are available from literature and our own data. Then
performance prediction of an actual condenser circuit is conducted
and simulation results are discussed.

3.1. Model validation

3.1.1. Validation with literature experiment data

Wang et al. [33] carried out a series of experiments on total eight
wavy fin-and-tube condensers with different circuit layouts to
investigate the effect of circuit on the performance. Two typical

Table 4

Condenser structure and simulation conditions.
Parameter Value Parameter Value
Tube length 600 mm  Refrigerant R410a
Tube outer diameter 7.38 mm  Frontal air velocity 1.60 m/s
Fin pitch 0.13mm  Air inlet temperature 35.0°C
Fin thickness 0.103 mm Atmospheric pressure 101.3 kPa
Vertical tube spacing 19.0 mm  Refrigerant mass flow rate 1.33 kg/h
Horizontal tube spacing 11.0 mm  Refrigerant inlet temperature 45 °C
Frontal face area 0.3021 m? Refrigerant inlet pressure 2682 kPa
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Fig. 13. Prediction results of condenser.

circuits of them are simulated by this model. In the simulations, air
side heat transfer coefficient and pressure drop are calculated using
the correlations developed by Wang et al. [34,35], while the tube
side heat transfer coefficient and pressure drop are computed using
correlations in [15].
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Fig. 14. Thermal resistance analysis.
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Fig. 15. Detail results of two tubes.

Figs. 9 and 10 show the comparison of predicted values with the
experiment data of tube wall temperature at different locations for
refrigerant mass flux of 100 kg/(m2.s) and 300 kg/(m?.s), respec-
tively. It can be seen that the differences between prediction and
test data are less than 2 °C, demonstrating the reliability and
feasibility of the proposed model and the code developed.

3.1.2. Validation with our own experiment data

Some experimental measurements have been also conducted
in authors’ group on an actual condenser whose circuit configu-
ration is shown in Fig. 11. The heat exchanger adopts internal
helical tubes and the structure parameters are given in Table 1. The
condenser is tested with refrigerant R22 at fixed inlet tempera-
tures which are 35 °C for air and 75 °C for refrigerant, respectively.
Other operating parameters of different working conditions are
listed in Table 2. The experimental and predicted results are
compared in Table 3.

3.2. Condenser circuit simulation

The circuit of a simulation example of a practical condenser is
illustrated in Fig. 12, and its structure and simulation parameters
are given in Table 4. It can be seen from Fig. 12 that the refrigerant
flow is split at entrance into 4 branches, and then the 4 branch
flows merge into one main channel running toward exit.

Fig. 13 shows the simulation results (refrigerant pressure drop
and tube heat transfer capacity), where different braches are
distinguished by blue/red colors (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the
web version of this article). The performance differences between
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main channel and branches can be seen clearly. Because the 4
branches have the same number of tubes and similar path
layouts, it is expectable that refrigerant flowing situation in them
are quite close to each other, which is confirmed by almost the
same pressure drop distribution in Fig. 13(a). In the aspect of heat
transfer, reasonable results are also shown in Fig. 13(b). For
branches 1-12 and 25—36, the first half-length branch is located
in the frontal air face, so the heat capacities in the first half-
length part are higher than that in the last half-length part. Due
to the same reason, the local heat transfer capacity variations of
branches 13—24 and 37—48 are basically opposite to that of
branches 1-12 and 25—36.

Fig. 14 shows the simulation result of thermal resistance of the
condenser. It is indicated that the main resistance of the overall
heat transfer process is the tube-side resistance in single phase
region and that of air side in two-phase region. It can be seen that in
the refrigerant single phase flow region the thermal resistance of
the tube side is much larger than the air side because of the air side
much extended surface.

Fig. 15(a) shows the refrigerant vapor quality and temperature
profiles in branch 1-12 and 13—24. The variation trends of vapor
quality and temperature correspond well to each other in both
single and two-phase regions. It can also be noted in Fig. 15(b)
(where the scale of the ordinate is magnified) that a slight decrease

of saturation temperature due to the refrigerant pressure drop are
predicted by this model. And this indicates the dependent rela-
tionship between heat transfer and pressure drop.

4. Software development

To facilitate the usage of the proposed model and the developed
code, a software named FTHX-Calculator for design and perfor-
mance simulation of heat exchanger has been developed using
C++ language, where FTHX stands for fin-and-tube heat exchanger.
Avisual circuit design interface (Fig. 16) is realized with the help of
the data structure of circuit, which can greatly simplify the user
operation. The software presets different correlations of heat
transfer coefficient and pressure drop for both air side (mainly
depend on fin geometry structure) and tube side (mainly depend
on tube geometry structure and refrigerant type). And it also
provides user-define functions for adding other correlations. The
refrigerant properties computation adopts the NIST REFPROP7 [36]
database which can determine properties of a very large quantity of
refrigerant. Users just need to open corresponding palettes (i.e.,
geom. structure, fin, tube, circuit and refrigerant palette) in the
software and simply check proper options to accomplish a heat
exchanger setup. All of these features enhance the generalization
and flexibility of the software.
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Fig. 16. Circuit design interface of software.



3116 W.K. Ding et al. / Applied Thermal Engineering 31 (2011) 3106—3116

5. Conclusions

A general data structure of circuit configurations is developed. It
provides a uniform description of different circuit layouts in computer
programs. With the help of the proposed data structure, a general
tube-by-tube simulation procedure for plate fin-and-tube heat
exchanger performance is presented. It can handle any complex circuit
performance prediction without manual programming for specific
circuit layout. The reliability of this model and the developed program
code are confirmed by comparing with experiment results. The code
has also been successfully applied to the performance prediction of
a practical condenser with complex circuit, and the simulated results
are analyzed. To facilitate the usage of the code, software named
FTHX-Calculator has been developed. It has great flexibility in simu-
lation of heat exchanger with different circuit layouts, and the friendly
graphic user interface significantly facilitates operation.
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Nomenclature

A: heat transfer area (m?)

b: ratio of enthalpy difference to temperature difference (Jkg 'K 1)
cp: specific heat Jkg 1K)

d: humidity ratio of air (kg kg~' dry air)

f: friction factor

G: mass flux(kgm 2s~1)

h: heat transfer coefficient (W m 2K 1)

k: overall heat transfer coefficient (Wm 2K 1)
L: length (m)

ri: mass flow rate (kgs—1)

T: temperature (K)

H: specific enthalpy (Jkg ™)

P: pressure (Pa)

R: heat transfer resistance (W)

Greek symbols

n: combined fin and prime surface efficiency

0: included angle between tube axis-direction and horizontal surface (degree)
p: density (kgm™3)

¢: ratio of minimum flow area to frontal area

¢: heat transfer rate (W)

y: correction coefficient for LMTD or LMED

Subscripts and index sets
a: acceleration

air: air, air side

branch: branch

¢: minimum airflow section
cdct: heat conduction
ele: element

f: friction

g: gravitation

i: tube inside

in: inlet

inter: interface

merger: merger joint node
mid: middle

o0: tube outside

out: outlet

ref: refrigerant

split: split joint node
tub: tube

w: tube wall

wet: wet condition
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